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ABSTRACT
EFFECT OF NANODROPLET INK CONCENTRATION ON IMAGE
CONTRAST FOR REVERSE-EMULSION ELECTROPHORETIC DISPLAYS
by Winston Kuantung Wang
Reverse-emulsion electrophoretic display technology is based on an
electro-responsive ink comprised of self-assembled nanodroplets dispersed in a
non-polar liquid. The dye-containing nanodroplets are selectively driven toward or
away from the viewing plane of a display by electric fields. The hypothesis of this
study is that image contrast in a nanodroplet electrophoretic display is governed by
concentration and steric effects that limit the intensity of the dark state.
Simultaneously, steric effects as well as electrostatic screening can diminish
whiteness in the light state. This hypothesis has been tested by multiphysics
simulation of dilute species in electrostatic fields and experimental measurements of
relative luminance in test displays. Concentration level was varied in a range of
dilutions from full concentration (100%) to one-eighth (12.5%) and the highest
contrast ratio was achieved at 25%. The test devices exhibited behavior that was
similar to the saturation effects predicted by simulation, accounting for steric effects.
Ink concentration showed little effect on switching time, reaching steady-state within
approximately 2 seconds for all concentration levels. The hypothesis was further
tested by experimentally observing the effect of driving voltage between 1 V to 8 V.
The results showed no significant improvement of contrast even at higher voltage,
further suggesting that concentration and steric effects dictate maximum contrast.
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CHAPTER 1
INTRODUCTION
1.1 Electronic paper
In recent years, electronic paper displays have played a significant role in the
display market, because of their low power consumption and their paper-like
appearance with ambient-light readability and wide viewing angles. The most
common electronic paper technology on the market is the microencapsulated
electrophoretic display. This technology is used in e-readers, e.g., Amazon
Paperwhite and the Barnes & Noble NOOK [1]. However, electronic paper displays
based on microencapsulated electrophoretic particle technology are incapable of
streaming videos because of the low refresh rates and the ghosting effect (shadows
from previous image) [2, 3, 4, 5]. Also, it is difficult to introduce vivid full color
through microencapsulated electrophoretic capsules without increasing power
consumption or reducing the resolution. Enabling colors in current
microencapsulated electrophoretic technology must also solve the problem of color
desaturation [6, 7, 8]. The reverse-emulsion electrophoretic display technology
developed by Zikon, Inc. (Sunnyvale, California, USA) has inherent functional
advantages that may enable it to overcome these limitations. A reverse-emulsion
electrophoretic display is fundamentally similar to conventional paper and ink. The
two main functional components of a reverse-emulsion electrophoretic display are ink
and a white porous medium, which produce contrast similar to that of conventional
paper. A reverse-emulsion electrophoretic display device costs less to manufacture
compared to competing technologies (e.g., liquid crystal display [LCD] and other
electronic paper displays). Some commercial applications of the reverse-emulsion
electrophoretic display technology include e-readers, traffic signage, digital medical
records, retail and advertising labels, and transparent and flexible displays.
1.2 Reverse-emulsion electrophoretic displays
Reverse-emulsion electrophoretic display technology, developed by Zikon Inc.,
was first introduced in 1998 [9]. The technology revolves around a porous matrix
and reverse-emulsion ink nanodroplets powered by electrophoresis. The ink consist
of a polar fluid and dissolved dye stabilized by surfactants. The nanodroplets are
suspended in a transparent non-polar fluid, thus creating a reverse-emulsion. Figure
1 shows an idealized rendering of nanodroplet morphology and the stabilizing
surfactants. The reverse micelles are hydrophobic to the surrounding solution, with
the hydrophobic tails pointing outward and the hydrophilic heads facing inward,
surrounding the polar dye [10, 11]. Individual micelles are responsive to an applied
electric potential caused by charge generation from the nanodroplet dye and
surfactants. The details of nanodroplet charge is investigated in section 4.2. In this
study reverse micelles in a reverse-emulsion electrophoretic display are referred to as
nanodroplets. The nanodroplets are thermodynamically stable, low-cost, and
environmentally friendly, and they self-assemble with mix-and-stir manufacturing.
Nanodroplets are an order of magnitude smaller than conventional
microencapsulated electrophoretic capsules, so their response to an electric field is
expected to be relatively faster. The white porous matrix can be manufactured at
low-cost, using reel-to-reel and spray deposition methods on flexible substrates.
Studies have shown that a reverse-emulsion electrophoretic display can provide a
transmissivity in excess 70%, a wide viewing angle, bright colors, and low power
2
consumption [12, 13].
Figure 1: Illustration of reverse-emulsion droplet. Image courtesy of Zikon Inc. [14]
The functionality of a reverse-emulsion electrophoretic display ink device is
tested by placing the ink nanodroplets within 2 glass slides coated with indium tin
oxide (ITO) (Delta Technologies, Ltd., Loveland, Colorado, USA). As the electric
fields are established between the 2 electrodes, ink nanodroplets respond to the
electric fields similar to a charged particle driven by electrostatic force. The ink
nanodroplets are an order of magnitude smaller than microencapsulated capsules
that are used in current e-paper displays. Zikon Inc. has estimated the response
time of a reverse-emulsion electrophoretic display to be less than 30 ms [15], based
on the fact that the ink nanodroplets are an order of magnitude smaller than
microencapsulated capsules. The faster response time gives the reverse-emulsion
electrophoretic display significant advantages over microencapsulated
electrophoretic displays. Furthermore, unlike the microencapsulated electrophoretic
display and other emissive displays, a reverse-emulsion electrophoretic display
requires only low-cost, environmental-friendly, nontoxic materials.
3
Similar to a sheet of white paper, contrast is achieved by the difference in
color between dark ink and a white porous matrix. The white porous matrix, in
which the ink is loaded, is formed by packing micron-scale TiO2 particles. Between
TiO2 particles, void spaces are formed. In the dark state, dye-containing
nanodroplet ink can be seen at the viewing plane when the electric field drives the
ink toward it through the porous matrix. In contrast, when the voltage current
drives the ink away from the viewing surface, the white porous matrix allows the
ink to become obfuscated within the porous matrix. Ideally, the device is at its best
lightness when only the white porous matrix is visible. Recent studies have
demonstrated bistability and good uniformity achieved at low voltage, depending on
the composition of the porous matrix [13]. Figure 2 illustrates a cross-sectional view
of a single-pixel display switching from a light to dark state.
1.2.1 Commercial merit
Low-cost electronic paper is favorable for applications such as electronic shelf
labels (ELSs) [16]. Besides providing new and fresh goods, grocery stores must stay
competitive by responding quickly to consumer needs, by becoming more innovative
toward bringing in new products, and by being more efficient with accommodating
store growth [17, 18]. In 2012, the Food Marketing Institute counted more than
37,000 supermarkets that provide a full line of groceries, meat and produce. These
stores can carry anywhere from 15,000 to 60,000 stock keeping units (SKUs).
Typically, each product requires one ESL. This corresponds to a potential market of
1.6 billion ESLs in U.S. grocery supermarkets alone [19]. The digital pricing
provides shops with the ability to change prices more quickly and efficiently [20]. If
the paper labels were to be replaced by ESL, managers would be able to review and
update thousands of products instantly at their desks. Store employees would be
4
Figure 2: The operating principle of a single pixel reverse-emulsion electrophoretic
display. Left of the image illustrates the device at dark state, with ink nanodroplets
driven toward the viewing plane by voltage potential. While the right of the image
illustrates the light state, with ink nanodroplets driven away from the viewing plane
by reversing the voltage potential.
able to provide more personal help and directly interact with customers. Smart
electronic shelf labels provide more information about products and inventory in
real time. Flexible and strategic pricing provide the ability to start and end
promotions at the exact time to maximize sales.
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1.3 Hypothesis
Contrast is an important aspect of every visual display system. An image with
low contrast is difficult to see, and may cause eye strain. Studies have shown that a
reverse-emulsion electrophoretic display, similar to most electronic paper displays, is
capable of displaying excellent contrast [15]. To this researcher’s knowledge, no
research has been done to optimize the contrast of the display nor to understand the
physics behind improving the contrast and switching response. This study addresses
and identifies the scientific gap in knowledge regarding concentration effect on
image contrast in a reverse-emulsion electrophoretic display. The hypothesis of this
research is as follows: Concentration of the nanodroplet ink within a
reverse-emulsion electrophoretic display is the primary factor that determines
maximum contrast. Image contrast in a nanodroplet electrophoretic display is
governed by steric effects that limit the performance of the dark state.
Simultaneously, both the steric effects and electrostatic screening limit the
performance of the light state.
When a device has very low ink concentration, ink nanodroplets are able to
withdraw into the porous matrix in the light state. The resulting image at the
viewing plane is as white as the TiO2 layer. However, as figure 3(a) illustrates, the
device has low contrast in the dark state because of insufficient ink nanodroplets
(within the ink solution) to occupy the viewing plane. In the case of very high ink
concentration, the concentration of the ink occupies all the void cavities, which
makes it impossible for the nanodroplets to migrate and diffuse into the
microchannels. The dark state is dark because of the high density of dye-carrying
ink nanodroplets spreading everywhere within the device. Figure 3(b) illustrates the
switching to a light state by driving the dye-carrying ink nanodroplets away from
6
the viewing plane.
Thus, the hypothesis suggests that when a pixel is set to the dark state an
optimal ink concentration can achieve effective saturation of the viewing plane. If
the hypothesis is correct, this work will provide knowledge on nanodroplet ink
concentration for optimum contrast in a reverse-emulsion electrophoretic display
system.
Figure 3: Illustration of the 2 extreme concentration scenarios. (a) Extreme low
concentration. (b) Extreme high concentration.
A anticipated outcome based on the steric effects and electrostatic screening is
shown in figure 4 based on the hypothesis statement. The best contrast in the
display can be found somewhere between the first and second extreme concentration
scenarios. The maximum darkness is limited by ink nanodroplets that can be
packed within the void matrix. Increasing concentration beyond the packing limit
will not improve darkness. Excess ink nanodroplets within the device result in total
electrostatic screening, which hinders maximum lightness.
7
Figure 4: Predicted contrast behaviors based on the hypothesis at different ink con-
centrations are illustrated by the ratio of peak light and dark states.
1.4 Significance
The extent to which this hypothesis is true will improve the ability to design
and develop electronic paper displays with high contrast. The benefit of developing
this type of display will provide a viable alternative that has lower environmental
impact than conventional displays, most of which require resource-intensive
microfabrication processes. E-paper devices consume much less power than most
conventional displays and, if more widely adopted, can reduce energy demand and
consumption. Intuitively, emissive displays can’t be good when exposed for long
periods of time. However, in today’s society, children are keen on them at a much
younger age. This has resulted in a surge in nearsightedness and other related eye
diseases [21].
8
1.5 Research approach
Characterization of the ink-carrying nanodroplets is the first step in
supporting the predictive models with accurate information. A predictive model of
charged nanodroplet response in a porous medium under an applied electric field is
explored using multiphysics software simulation. Empirical data are collected from
single-pixel test specimens, and the data are used to refine and verify the predictive
model. Steady-state analysis is sufficient for determining the peak contrast of the
display from values obtained in the peak light and dark states. Transient studies of
the display switching response are included in both simulation and experimental
data. The transient analysis of the display switching is included in the chapter on
future work so that the switching response can be carefully studied in the future.
9
CHAPTER 2
RELATED WORK
The related work chapter is divided into three sections. The technical merit of
microencapsulated electrophoretic display technology is investigated in the first
section. The second section discusses alternative electronic paper display
technologies that are under research and development. The third section covers the
research of electrophoretic displays similar to the reverse-emulsion electrophoretic
display.
2.1 Related research on microencapsulated electrophoretic display technology
Microencapsulated electrophoretic display technology was first introduced in a
patent by researchers from Massachusetts Institute of Technology in 1998 [22, 23].
The orientation of electrophoretic material can be determined by applying voltage
across the microencapsulated capsules. When a voltage is applied on a pixel, the
negatively charged white particles inside the microencapsulated capsules arrange
themselves to become closer to the positively charged electrode. Positively charged
black particles rearrange themselves toward the negatively charged electrode, similar
to the negatively charged white particles. When viewed on the positively charged
electrode, only the white particles attracted to the positively charged electrode are
seen. Viewing from the same spot, a dark pixel can be seen by reversing the voltage.
An image is formed based on how the voltage is applied. The operating principle of
a microencapsulated device is shown in figure 5.
Electronic paper displays mimic the best aspects of conventional ink and
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paper [24]. Unlike emissive displays, electronic paper displays deliver information
using contrast difference by varying the reflectance of different frequencies of light.
Since backlight is not needed in reflective displays, the energy consumption of
electronic paper display is far less than that of emissive display technology (e.g.,
CRT and LED). An electronic paper display with microencapsulated electrophoretic
technology can also achieve bistability without additional power support, which is
another distinct advantage. The capsules within the microencapsulated devices do
not rearrange their orientation easily after the image is formed. This, in turn, makes
bistability ideal for e-readers and many other applications. Power is no longer
needed to maintain the image once a page is loaded. Bistable reflective displays
consume much less power than emissive displays; often, a device can function for
months before recharging [25]. Figure 6 shows power consumption comparison
among different display technologies. Reflective displays require power only when
switching between pages or frames, whereas emissive displays consume energy
continuously even for stationary images.
In contrast, electronic paper display images are created by lights reflecting off
the active matrix. Image contrast and viewing angle improve as the ambient light
increase [27]. Studies have been done on eye fatigue for different displays to
demonstrate that electronic paper display is the best for reading [28, 29]. A study in
Japan concluded that there is no significant difference in the level of visual fatigue
between reading with an electronic paper display versus reading with conventional
paper [30]. This is the main quality that electronic paper displays has to offer to
consumers. Electronic paper display can serve as a rewritable and long-lasting
alternative to conventional wood-based paper to reduce global consumption of
natural resources.
Electronic paper displays also have disadvantages. Bistability of
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Figure 5: Author’s rendition base E-ink microencapsulated electrophoretic technology
on [26]. The operating principle of a microencapsulated electrophoretic display.
microencapsulated devices has a downside to image quality. The device has to cycle
between light and dark to fully refresh itself for the next frame. If this cycling is not
done correctly, the residual of the previous image will remain on the new frame.
This problem is commonly referred to as the ghosting effect. In recent years, many
researchers have not found a fast and efficient solution to overcome this problem
without refreshing the display every time in order to prepare the device for the next
frame [5, 3, 4]. Also, the ghosting effect hinders the ability for the display to play
video. Device cycling between light and dark takes time, and without cycling, the
residual from previous frames remains [31].
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Figure 6: Power consumption comparison among different display technologies. Note
that the power indicated for electronic paper display is the power needed to switch
between pages, while other displays have to stay on. Values compiled from Display
technology overview [25].
2.2 Alternative electronic display technologies
Since 1999, microencapsulated electrophoretic display technology has come a
long way to make e-readers readily available to consumers. Some developers have
been able to introduce colors in microencapsulated devices using multichromatic
subpixels on flexible substrates [32, 33, 34]. E Ink is the largest patent holding
company for microencapsulated electrophoretic display technology, and many others
have invested their effort and money into the technology [26]. The slow response
time and the ghosting effect remain the 2 biggest drawbacks.
2.2.1 Electrowetting display technology
Electrowetting is one of the most appealing alternative technologies for
electronic paper displays. An image is presented by manipulating surface wetting
properties of a droplet. Figure 7 shows the principle of an electrowetting display,
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where a strong voltage is applied between the liquid and surface interface.
Researchers have demonstrated a video capable of rapid switching with a response
time of 10 milliseconds [35, 36].
Figure 7: The operating principle of an electrowetting device. (a) Oil is spread
out when no voltage is applied. (b) Surface tension between the liquid and solid
interface is high; oil contracts when voltage is applied. Reprinted with permission
from Macmillan Publishers Ltd: [Nature] ([35]), copyrighted (2003).
In the corner of figure 7, colored oil on top of a hydrophobic insulator with no
applied power is shown. At first, the oil is spread out because of low surface tension
between two hydrophobic interfaces. However, when the voltage is applied, the
surface tension increases as the hydrophobic insulator becomes hydrophilic. Thus,
the oil is pushed to the side, and the ink is more concentrated to show a darker
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image. The advantage of electrowetting devices is their fast response time. However,
contrast of the electrowetting device is not yet optimized. It is also more difficult to
introduce colors in electrowetting devices [37].
2.2.2 Liquid powder display technology
Liquid powder display technology was first presented in SID 2003 by a team of
researchers at Kyushu University and Bridgestone Corp. [38, 39]. Figure 8
illustrates the composition and cross-sectional view of a liquid powder display. The
colorant powders in a liquid powder display are driven up or down within a
50-micron gas gap. The investigators recorded an excellent speed of 0.2 milliseconds
for liquid powder display to switch between pixels. Liquid powder displays are also
bistable because of electrode polarization and Londonvan der Waals interactions.
The challenge that researchers faced regarded the optical performance of the device.
The light state of the liquid powder display is not yet optimized, and thus, the
contrast is limited. Liquid powder display technology requires roughly 5 times more
energy than microencapsulated electrophoretic devices [40].
2.2.3 Electrochromic display technology
In the automobile industry, the electrochromic displays are often used to tint
rear view mirrors automatically. Electrochromic displays are also used in window
glass for users that want privacy, choosing between transparency and translucency.
The electrochromic displays use a background color to distinguish between light and
dark contrast. Electrochromic displays use color change in chemical reaction. If a
reaction for which its reactant and product have different colors, and the direction
of the relation can be altered with an external source, then they serve as a potential
candidate for the electrochromic display. There are various materials that fit this
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Figure 8: Author’s rendition base on Liquid powder display article [40]. Cross section
of a liquid powder display switching between states. Permission from John Wiley and
Sons: [SID] ([40]), copyrighted (2012).
description, but reactions with the desired color spectrum are not common.
Viologen, which reflects blue when oxidized, can provide superior contrast when
used with a white background porous matrix such as TiO2 [41, 42, 43]. Figure 9
shows the crosssection of a electrochromic display with viologen-absorbed TiO2 thin
film. The response time of the device depends on the reaction rate. Finding a
composition of materials that satisfies the above conditions is difficult. [44, 45] Many
researchers are investigating and developing materials that have a fast reaction
speed and desired color when undergoing a redox reaction. A group of scientists
found that poly(3,4-ethylenedioxythiophene) (PEDOT) and similar compounds can
provide a switching rate less than 10 milliseconds in a nanotube-based ultrafast
electrochromic display. However, this high switching rate can only be obtained in a
20 nm thin film, which is too thin for display purposes [46].
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Figure 9: The operating principle of an electrochromic device. Reprinted from Solid
State Ionics 165/14, D. Corr, U. Bach, D. Fay, M. Kinsella, C. McAtamney, F. OReilly,
S. N. Rao, N. Stobie, Colored electrochromic paper-quality displays based on modified
mesoporous electrodes / 316, 2003, with permission from Elsevier.
2.2.4 Microcup R© electrophoretic technology
Microcup R© technology, originally developed by SiPix Technology, Inc., uses
roll-to-roll synchronized lithographic manufacturing process that can be used to
pattern rectangular cups in an array on a flexible substrate to manufacture flexible
electronic paper displays. Similar to microencapsulated electrophoretic devices, the
polarized dark and light particles are sealed in these microcups. The profiles of
these rectangular cups are shown in figure 10 [47].
These arrays have shown to provide excellent response time, brightness, image
uniformity, and longevity with the optimization of particle-particle and
particle-environment interactions. Microcup R© also provides high temperature
stability, and the device can still function even if parts of it are cut or sliced (as
shown in figure 11). However, the driving voltage is nearly double that of the
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Figure 10: Microcup R© profile of SiPix electrophoretic display. Reprinted by permis-
sion from John Wiley and Sons: [SID Symposium Digest of Technical Papers] ([48]),
copyrighted (2012).
microencapsulated electrophoretic devices [48, 49].
Figure 11: A Microcup R© electrophoretic display presenting an image after it is cut.
The right shows the driving voltage of Microcup electrophoretic display. Reprinted by
permission from John Wiley and Sons: [SID Symposium Digest of Technical Papers]
([48]), copyrighted (2012).
2.2.5 Electrokinetic display technology
In 2009 Koch et al, Hewlett-Packard Laboratories (HP Labs) presented their
electrokinetic technology. Like Microcup R© , their technology enables the fabrication
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of durable and flexible electronic paper displays [50]. Similar to the ink used in the
reverse-emulsion electrophoretic display technology, ink used in electrokinetic
display technology also consists of reverse-emulsion nanodroplets. Yeo et al at HP
Labs presented a grayscale pixelation with an active-matrix backplane using
electrokinetic technology [51]. In 2012, the researchers at HP Labs announced the
Figure 12: Color electronic paper displays using electrokinetic display technology.
Reprinted by permission from Cambridge University Press: [MRS Bulletin Online
Proceedings Library] ([51, 52]), copyrighted (2011).
first low-power, paint-like, color reflective display utilizing their electrokinetic
display technology. Figure 12 illustrates color electronic paper displays using
electrokinetic technology [53].
2.3 Related research work on nanodroplet electrophoretic devices
In the context of electronic paper, a complete theoretical modeling of
concentrated systems of charged particles dispersed in a liquid medium has been
elusive [54]. The physics between electrostatics, particle motion, and transport of
diluted species includes particle-particle interactions, particle-electric field
interactions, and electric field distortion by a porous medium. Original theories are
based on ionic transport, where the ions are modeled as point charges. For this
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study, evaluating the physics within the porous matrix is important. Therefore, this
part of the literature review summarizes research on similar systems.
Electrokinetic transport in a porous medium is widely studied. However,
systems are usually analyzed in macroscale for civil and chemical engineering. P.J.
Barz concluded that the electrokinetic flow velocity of a non-polar liquid traveling
through a porous medium increases as the applied voltage increases in
Determination of the Zeta Potential of Porous Substrates by Droplet Deflection by
Dominik [55]. This study suggests that the response of the particle is proportional
to electrostatic force. However, results obtained in macroscale often do not translate
directly when the length scale decreases.
Researchers from Belgium conducted a steady-state current test on an
electrophoretic image display. The devices tested were similar to the
reverse-emulsion electrophoretic display, but without the porous medium. Reverse
micelle dissociations in higher voltage environments were observed. Dissociated
surfactants lowered the mobility of the ink nanodroplets [56]. A study conducted by
the same investigators showed agreement with that of the previous researchers.
Both findings saw stronger electrostatic screening of the electric field and a faster
decay of transient current in their devices. In a later study, at high voltage, the
approximated analytical solution still showed effective electrostatic screening by the
high charge density [57]. Their simulation model is based on a previous 1-D
numerical model that includes drift, diffusion, generation, recombination, and
voltage drop of the electric double layers (EDL) within the planar electrode [58].
This study indicates that above a certain driving voltage, the ink performance will
become unstable.
Electrostatic screening at electrodes by the ionic species in fluids is widely
studied because of its significance for capacitors [59, 60, 61]. Even in an electrolyte
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environment where the cations are immobilized, the mobilized anions are still
capable of screening the electric field that is applied [62]. Original analytical models
of electric double layers are based on point charge assumption. There are two
drawbacks of point charge assumption. First, when the applied potential is high,
point charge assumption will result in the unrealistic accumulation of ion
concentration near the electrode. In reality, the actual driving voltage needed for a
reverse-emulsion electrophoretic display is too high to model with point charge
assumption [63]. Second, even though point charge assumption is reasonable for size
orders of magnitude smaller than nanoscale, when the transported species are an
order of magnitude larger than angstroms, the steric effect will be significant. For
example, in biological science that involves charged nanodroplets in electric double
layers, steric effects will have to be included [64]. In chapter 5 of this study, a coarse
steric compensation method was implemented to overcome the two drawbacks.
Ink-carrying agents in HP’s electrokinetic display technology are also
reverse-emulsion nanodroplets [65]. Researchers and developers in Hewlett-Packard
were able to use small-angle X-ray scattering to detect several different
compositions of micelle core size plus shell size. With dynamic light scattering and
transient current measurements, they were able to verify the hydrodynamic radius
of their reverse-emulsion. They concluded that increasing polyamines in the
surfactant head were able to increase their micelle size. Nanodroplet charge is an
important variable that determines the mobility of the particles. Prior investigators
of similar nanodroplets measured high-concentration zeta potential in their systems
using light scattering technique [66]. Researchers were also able to measure the
electrostatic and hydrodynamic forces using optical tweezers [67]. The results
measured using optical tweezers were in agreement with the
Helmholtz-Smoluchowski and Debye-Hu¨ckel models.
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CHAPTER 3
THEORY
The content of the theory chapter is divided into three sections. First, the
order of magnitude comparisons of cross-discipline forces are studied to determine
the main driving force of a reverse-emulsion electrophoretic display system. Second,
electrokinetic force, the main driving force of ink nanodroplets in a reverse-emulsion
electrophoretic display system is studied. Lastly, the modeling of electric double
layers is reviewed with a focus on the Poisson-Nernst-Planck model.
3.1 Force order of magnitude comparison
It is important to study the order of magnitude of representative forces
between the different interactions to understand the relative importance of
interactions within a reverse-emulsion electrophoretic display. Brownian motion is
the random molecular motion governed by thermal energy and representative
particle length. Brownian force can be interpreted as follows: O(kT
α
). In this order
of magnitude analysis, k is Boltzmann’s constant, 1.381X10−23 J
K
. T is temperature,
and α is the representative particle length. Isothermic room temperature
assumption of the operating device causes Brownian motion to be insignificant.
London-van der Waals forces are characterized by the interaction between polar
particles in a solution. London-van der Waals forces can be represented by O(
Aeff
α
).
In this equation, Aeff is the Hamaker constant, which relates to the solvent fluid
surrounding the particle, the geometry of the particle, and the potential
charge-carrying nature of the particles. The assumption of non-polar ink
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nanodroplets is valid based on the spherical morphology of the ink nanodroplets.
Therefore, London-van der Waals forces within a reverse-emulsion electrophoretic
system are negligible. Hydrodynamic interactions, including the viscous and inertial
forces, relate nanodroplets’ mobility to the fluid medium and its morphology. The
viscous force can be represented by O(µαU). In this equation, µ is the viscosity of
the fluid. U is the particle velocity. The inertial force can be characterized with
O(α2ρU2), where ρ is the density of the fluid. In a microsystem, where the
representative length is in microscale and the velocities are low, viscous force
prevails. This is shown by the ratio between the inertial and viscous force. The
gravitational body force is represented as O(α3∆ρg), where ∆ρ is the difference
between the density of the particle and fluid. Gravitational body force decreases
rapidly as the length scale decreases; thus, it is also negligible in microsystems [68].
3.2 Electrostatic force and electrophoresis phenomena
Based on the characteristics and assumptions of a reverse-emulsion
electrophoretic display, minor interactions such as Brownian motion, London-van
der Waals interactions, and inertial and gravitational interactions are negligible.
This leaves the major interactions in electrophoresis, viscous and electrostatic
interactions, to be discussed. Electrostatic interactions, including long-range and
short-range interactions, are the most dominant interactions in reverse-emulsion
electrophoretic devices. Electrostatic phenomena are responsible for the motion of
charged species in an electric field. Long range interaction is derived based on
Coulomb interaction in a vacuum. From Coulomb’s law, the two charges q1 and q2
in a vacuum exert a force on each other that is inversely proportional to their
distance squared d, as shown in equation 1, where ke is the Coulomb’s constant. In
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a vacuum, the theoretic force between particles with charges q1 and q2 decays as the
distance between the charges increases. Despite this fact, the theoretic force will
never actually reach zero.
F = ke
q1q2
d2
Equation 1
This phenomenon plays the same role with respect to the nanodroplets.
Long-range interaction is the reason why charged electrodes attract or repel the
nanodroplets. Species are in motion until their attraction and repulsion forces
become equal and opposite. In reality, solely studying long-range interaction in a
reverse-emulsion electrophoretic display is insufficient. As mentioned above, the ink
nanodroplets are like dispersed particles in a non-polar organic solvent. The
resulting solution is heterogeneous. This means that it contains either or both
multiphase and dissimilar characteristics and properties. Interactions that account
for particle interaction, solvent interaction, and field interaction are considered
short-range interactions. Along with viscous interactions, they are known as the
electrophoretic retardation force [69]. Short-range interaction in a dielectric solvent
follows εrε0ζ where εr is the relative permittivity of the fluid, ε0 is the permittivity
of free space 8.85× 10−12C
V
m, and ζ is the electrokinetic potential of the particles.
Figure 13 shows a visualization of long-range, short-range, and viscous forces acting
on an ink nanodroplet and its resulting direction.
The most widely used model for charged species mobility, µm, in an
electrophoretic system that has taken both viscous and electrostatic interactions
into consideration was developed in 1903 by Smoluchowski [70]. Equation 2 shows
that the mobility of the transporting species is greatly influenced by the electrostatic
potential of the particles and the dynamic viscosity of the fluid medium. When the
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Figure 13: Visualization of the forces acting on an ink nanodroplet in an ionic solution.
electrostatic potential of a particle increases, the mobility of the particle increases;
when the viscosity of the system increases, the mobility of the system decreases.
µm =
εrε0ζ
η
Equation 2
Equation 2 reveals just the mobility of ink nanodroplets in a reverse-emulsion
electrophoretic system. To gain a broader understanding, equations modeling the
electric double layers are reviewed in the next section.
3.3 Electric double layers
Electrostatic screening, not to be confused with the shielding effect in electron
shells, is a phenomenon of the electric double layers [71, 72, 73, 74, 75]. The electric
double layers consist of a compact counterion layer (for which this layer forms a
high charge density opposite to the electrode), followed by a diffuse layer at the
interracial surface of the charged electrode. The high charge density opposite to the
electrode acts as a barrier for which it screens the applied potential on the
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electrode. Effective potential in the diffuse layer is low or close to being nonexistent.
Ink nanodroplets that are in the diffuse layer are free to migrate, disperse, and
diffuse into the porous medium. A schematic representing electric double layers in
equilibrium with equal and opposite charge is shown in figure 14.
Figure 14: Visualization of electric double layers with positively and negatively
charged particles and the resulting internal potential near an electrode.
Ψ0 is the applied potential at the electrode, while Ψs is the effective potential
at the outer diffuse layer. Electrostatic screening is illustrated by the exponential
decay of the electric potential within the device. It is very different from what is
expected in a non-electrolytic solution or metallic interface where the electric
potential between the two planes decreases linearly. Study of charged interfaces
started in the 1800s [76]. The first experimentally confirmed theory was formulated
by Walther Nernst. The Nernst equation observes the conservation of matter,
conservation of charge, and conservation of energy [77, 78]. The first model for
electric double layers was formulated by Helmholtz [79, 80]. The theory by
Helmholtz accounted for the differential capacitance of the Helmholtz layer, the
dense layer of counterions attracted by the charging interface, and the capacitance
due to a metal interface. In the early 1900s, Gouy and Chapman, who worked
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independently, were credited for their modeling of the electric double layers known
as the Gouy-Chapman theory. Capacitance alteration due to solvent dipoles and
diffuse layer are considered in the Gouy-Chapman theory [81, 82]. Combining the
two theories developed by Gouy-Chapman and Helmholtz, German physicist and
Nobel laureate Otto Stern developed an improved version known as the Stern layer.
The Stern layer accounted for the capacitance of the charging interface, metal
interface, solvent dipoles, and diffuse layer capacitance [83]. Poisson-Boltzmann
equations are widely used in steady-state electric double layers modeling
[84, 85, 86]. Poisson-Boltzmann equations are known to represent the
Gouy-Chapman theory in electrochemistry [87, 88], the Debye-Hu¨ckel theory in
solution chemistry [89], the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory in
colloid chemistry [90, 91], and the Poisson-Boltzmann theory in biophysics [92, 93].
To use the Poisson-Boltzmann equations, thermodynamic equilibrium and ionic
distributions that are not affected by fluid flows have to be assumed. The last
assumption is inadequate for more complex scenarios (including this paper).
Poisson-Nernst-Planck equations are more complex and computationally intensive,
but they are widely used in situations where the electroosmotic flow is through
rapidly changing dimensions or narrow microchannels [94, 95, 96, 97, 98]. The rapid
advancement in computational techniques in recent years have allowed more
complicated electric double layers models to be developed and examined. For
example, the interactions between the transported species and their size
accommodation are studied with size-modified Poisson-Boltzmann and size-modified
Poisson-Nernst-Planck equations [99, 100, 101]. However, limitations of these
models arise when the electrical voltage applied is no longer in microscale. This was
also observed in the simulation section where the model fails to converge because of
the unrealistic concentration accumulation at the charging surface when the applied
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voltage is too high.
3.4 Poisson-Nernst-Planck modeling
Under an applied electric field, the concentration of these nanodroplets near
the positively charged electrode will increase until steady-state is reached. An
electrostatic screening then occurs, by which the locally high concentration of
negatively charged nanodroplets near the electrode repels other nanodroplets from
the bulk solution. One can visualize it as a competition between the electric field
(pulling the opposite charged nanodroplets toward the charged electrode) and the
concentration of the charges (the dense charges build up via the high concentration
of nanodroplets). If the concentration of nanodroplets is high enough, the electric
field is screened heavily, and the electric field in the middle layer approaches to zero.
On the other hand, if the electric field is strong and there are not enough
nanodroplets to screen the electric field completely, the charge density of the ink
nanodroplets near the repelling electrode approaches zero [57]. The electrostatic
screening phenomena for charged particles can be described by the steady-state
Poisson-Nernst-Planck equations that have been well established for modeling ionic
species in biochemistry and electrochemistry [68, 102, 103, 96]. The
Poisson-Nernst-Planck equations consist of the Poisson equation and the
Nernst-Planck equation. The Poisson equation is shown below in equation 3, and it
describes the electrostatic potential in the ionic solution, where ϕ is the electrostatic
potential, ε0 is the permittivity of vacuum, εr is the relative permittivity of the
solution, ni is the reference density of ionic species i, Zi is the charge number of the
ions in the solution, and e is the elementary charge.
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52ϕ = − 1
ε0εr
∑
i
Zieni Equation 3
The Nernst-Planck equation is shown below in equation 4, and it describes the
transport of ionic species in a fluid medium. The flux of the ionic species Ji depends
on variables also seen in the Poisson equation, as well as on diffusivity Di of the
ionic species, the Boltzmann constant k, and absolute temperature T . The
Nernst-Planck equation accounts for diffusive flux because of an electric field,
thermal energy, and ionic migration in an electric field [104, 105].
Ji = −Di(5ni + zieni
kT
5 ϕ) Equation 4
The diffusivity of the ionic species is estimated based on the Stokes-Einstein
equation shown below in equation 5 [106, 107], where R is the gas constant, T is
absolute temperature, NA is Avogadro’s number, µ is dynamic viscosity, and r is the
nanodroplet radius. For example, the Stokes-Einstein equation can be applied to
particles with a 90 nm radius at room temperature, and with a dynamic viscosity of
2.012 cP for the organic solvent tetralin (1,2,3,4-tetrahydronaphthalene) [108].
Given these constraints, the calculated diffusivity would be D = 1.2× 10−12m2/s.
D =
RT
NA
1
6piµr
Equation 5
The diffusivity term influences the mobility of transported species in a
reverse-emulsion electrophoretic display. For transient analyses, diffusivity of the
species can be refined by adding influential terms in simulation to achieve a more
accurate switching response. However, contrast of a reverse-emulsion electrophoretic
display at steady state does not have a direct correlation with diffusivity or
mobility. As mentioned above, the Poisson-Nernst-Planck model of the electric
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double layers couples nanodroplet concentration and electric potential within the
device at steady state. However, the Poisson-Nernst-Planck model does not account
for the steric effect—that size relevance to space occupied [109, 110, 63]. The
concentration of ink nanodroplets is (unrealistically) free to build up at the
electrode without bounds. This limits the usefulness of the Poisson-Nernst-Planck
equations for predicting saturation thresholds. The steric effect has to be included,
and this necessitates the characterization of the ink, beginning with nanodroplet
size, as presented in chapter 4.
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CHAPTER 4
INK CHARACTERIZATION
4.1 Nanodroplet ink concentration
The most important parameter for this investigation is the concentration of
nanodroplets in the tetralin solvent. The concentration is estimated based on the
weight of dried material, solution density, and assumption of spherical nanodroplet
geometry. The amount of dry material used to synthesize the ink is proportional to
the number of nanodroplets formed. Knowing the mass of dry material and
nanodroplet size, the concentration of the ink can be estimated based on volume
fraction. The batch R129 used for this study had an estimated concentration of
1.40× 10−4mol
m3
. Dilutions were made from this 100% concentrated sample by adding
more solvent.
4.2 Nanodroplet charge estimation
Typically, in pure non-polar solvents, the total charge of nanodroplets are only
a few elementary charges [111, 112]. After introducing surfactants, the nanodroplets
are stabilized to the charge of either +e or –e [113, 114, 115].
4.3 Nanodroplet size measurement and morphology
Although beyond the immediate study of concentration effects in this
investigation, nanodroplet size and morphology are important because size and
morphology may influence other factors, such as bistability and spatial uniformity,
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in an assembled display (e.g. using a bonded porous matrix, as in A Thin Porous
Substrate Using Bonded Particles for Reverse-emulsion Electrophoretic Displays
[13]). Structurally, the nanodroplets are reverse micelles, which form different
shapes based on the environment, composition, and stabilization [65]. The
morphology of the reverse micelles affects transport and retention behaviors in the
porous matrix. Transmission electron microscopy (TEM) has a resolution as fine as
0.47 A˚and has been used to image reverse micelles [116, 117]. Researchers have
recorded up to six different types of stable morphologies for reverse micelles by
TEM [118, 119, 120, 121]. Atomic force microscopy (AFM) can also be used to
image reverse-micelles with sub-nanometer resolution [122, 123, 124]. However,
AFM requires the use of dry samples. Researchers successfully imaged
reverse-micelle with AFM and concluded that structure of the micellar aggregation
is strongly influenced by the surface conditions [125]. Other techniques such as flow
cytometry, dynamic light scattering, and small-angle x-ray scattering can measure
the size of the ink nanodroplets in liquid; however, these techniques cannot provide
a visual image. Flow cytometry is widely used in life sciences to analyze multiple
characteristics of a sample, where the sample passes through an extremely tube,
aided further by hydrodynamic focusing. Samples are forced to pass through the
inspection point with narrow confinement. Laser imaging is used to scan the profile
of the objects passing by the inspection point. This idea was first introduced in
1953, described as a flow particle separator [126]. Modern flow cytometry
instruments can examine heterogeneous solutions and report characteristics such as
size and structure [127]. The particle detection range is typically between 1 µm and
15 µm. Subnanometer resolution can be achieved with specialized systems.
However, the compatibility of the instrument is also an issue. Usually, flow
cytometers are calibrated in an aqueous environment for biological systems but have
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also been used in non-aqueous environments [128, 129]. Dynamic light scattering
(DLS) is a fast and accurate tool used to characterize both emulsions and particles.
When emulsions and particles disperse or dissolve in a liquid, random particle
motion enables a laser to trace the profile of the specie within the sample. Dynamic
light scattering is particularly advantageous for soft materials, because the emulsion
and particle can stay in the aqueous/non-aqueous state [130, 131, 132, 133]. The
resolution of a modern DLS instrument can measure a size smaller than 1
nanometer, and the required sample volume can be as small as 2 microliters. The
particular instrument that was available for this study is the Zetasizer Nano ZS
(Malvern Instruments Ltd., Worcestershire, UK). This instrument is capable of
measurement ranging from 0.3 nanometer to 100 microns in diameter. The
measurement type includes particle size, molecular size, and zeta potential [134].
4.4 Atomic force microscopy
The size and morphology of the micelles were measured by atomic force
microscopy. Specimens were prepared by diluting the most concentrated ink with
the solvent tetralin. Diluted ink was dispensed onto a glass substrate with a pipette.
The sample was then dried at 50 ◦C for 2 hours to evaporate the solvent. The
remaining solvent was then spin-dried for 5 minutes. Spin-drying helps centrifuge
the rest of the solvent, leaving a thin layer of reverse micelles on the substrate. A
nondestructive temperature of 50 ◦C was chosen to evaporate the solvent slowly.
The samples were then placed on the measurement stage in the atomic force
microscope. Scans were performed in (non-contact) tapping mode for 2 m x 2 m
scan fields. Nanodroplet diameters were estimated from atomic force microscopy
data using open-source surface probe analysis software (Gwyddion, Czech Metrology
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Institute, Czech Republic). Figure 15 shows a representative scan, revealing discrete
entities with a lateral dimension of approximately 100 nanometers and a maximum
thickness of 20 nm. The vertical resolution of the probe is 1 nanometer. The glass
substrate had a root-mean-square (RMS) surface roughness below 3 nm. Dilution of
Figure 15: Atomic force microscopy normal incident view of the dried nanodroplets.
the ink to 1/800th of its full concentration provided the best results when compared
with all the other samples. Figure 16, showing the peak area in white, is a 3-D
atomic force microscopy image at this level of dilution. For this particular image,
there are 3-D features in the z-direction that are distinct from the glass substrate
surface profile. These features are approximately 20 nm in height above the
substrates, and most have lateral dimensions on the order of 100 nm.
4.5 Dynamic light scattering
Dynamic light scattering was used to quantify the hydrodynamic radius and
size distribution of the ink nanodroplets. The output from Zetasizer Nano ZS
(Malvern Instruments, Ltd., Worcestershire, UK) indicates that the nanodroplet
radius has a single peak at 176 nm. The narrow size distribution from the dynamic
34
Figure 16: Atomic force microscopy oblique view of the dried reverse micelles.
light scattering result also shows that the nanodroplet is stable.
Figure 17: Nanodroplet size distribution, measured by dynamic light scattering. Im-
age courtesy of W. Schulkins.
The size of the ink nanodroplets determined by DLS is in agreement with
results measured by AFM. The nanodroplet atomic force microscopy image with the
dry sample is flatter than that of the wet sample. The atomic force microscopy
values are about half the size of dynamic light scattering, which is not surprising
since the atomic force microscopy samples are dry.
4.6 Ink material properties
To model behavior for simulation, material properties of the ink need to be
determined. The solvent used for the ink is tetralin. Tetralin
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(1,2,3,4-tetrahydronaphthalene) is a hydrocarbon transparent non-polar liquid with
the chemical formula C10H12. It has a viscosity of 1.968× 10−3 Ns/m2 at 298.15 K
[135]. The relative permittivity of tetralin at 23 ◦C is 2.77, and the electrical
conductivity is 1.35× 10−8 S
m
[136, 137]. A highly diluted ink would have properties
similar to its solvent. The following subsection describes the experimental approach
that was used to determine the material properties of the ink.
4.6.1 Ink permittivity measurement
In an electrophoretic system, relative permittivity, εr, influences particle
mobility, as shown in equation 2. A test device consisting of the ink was prepared
between two ITO-coated glass electrodes. A few glass microspheres were inserted
into the gap in order to ensure uniform spacing of 10 µm. This test device acted like
a capacitor, placed in parallel with a resistance, R, and the cutoff frequency was
noted where the output power is one-half of the input power. Resistance was
measured in direct current mode and factored out of the resistance-capacitance time
constant (in alternating current mode) to reveal the capacitance based on equation
6. Relative permittivity was determined from the capacitance of the device, as
shown in equation 7, where ε0 is the permittivity of the vacuum, A is the plate area,
and d is the spacing between plates. Using such a method, the relative permittivity
of the ink was determined to have a value of εr = 3. As expected, this value is close
to the reported value of 2.77 for the solvent tetralin [138]. The method to determine
the relative permittivity is summarized below.
fc =
1
2piRC
Equation 6
The cutoff frequency was measured at 97 kHz, following equation 6, to reveal the
capacitance of the device. After the value of capacitance was found, the parallel
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plate capacitor model shown in equation 7 was used to determine the relative
permittivity.
C = ε0εr
A
d
Equation 7
The resulting solution with nanodroplets had higher permittivity than the
pure solvent tetralin, and can be explained by the higher relative permittivity of the
nanodroplet solute.
4.6.2 Ink conductivity measurement
The conductivity of the ink was determined by experimentation of an RC
circuit with a test device. Since the internal resistance is known, the relationship
between resistance and resistivity is shown in equation 8, where the conductivity is
the reciprocal of resistivity, ρr is the resistivity, Rr, is the electrical resistance, As is
the cross-sectional area, and l is the material length.
ρr = Rr
As
l
Equation 8
Ohm’s law, V = IR, was applied to measure the resistance in a
reverse-emulsion electrophoretic display cell. DC voltage ranging from 1 V to 15 V
are applied to the two electrodes, while a multimeter measures the current passing
through the circuit. The result is plotted with potential on the x-axis and current as
the y-axis in figure 18. By Ohm’s law, the slope is the resistance of the cell.
4.7 Porous medium structure
The structure of the porous medium is imaged by scanning electron
micrsocopy. The porous medium is prepared using TiO2 powder. Figure 19 shows
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Figure 18: Current-voltage plot for a reverse-emulsion electrophoretic display.
the scanning electron microscopy images of the paste vs. a bounded TiO2 porous
medium.
Figure 19: Surface layer comparison of a dry powder (left), and an adhesive bonded
substrate (right) with TiO2 powder [13].
These scanning electron microscopy image in figure 19 show that the powder
specimen has a rougher structure, whereas the bounded specimen has fillers
(adhesives) between particles. Prior studies [13] determined that using a micron-size
TiO2 powder bonded with 10% adhesive can produce a display and with the most
consistent layer with the most uniform opacity. The comparison study of bonded
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versus paste (no adhesive) layers have shown that the 25% paste devices performed
with excellent contrast initially, but after long cycles, the display suffers
degradation. On the other hand, 25% bonded display has consistent contrast after
cycling; however, the peak contrast is not as good as the paste. Higher volume
fractions of TiO2 40% paste showed a promising consistency after cycling; however,
the peak dark state performance is between 25% paste and 25% bonded display. For
this study, the experimental cycling time of each device does not exceed 5 minutes.
Accordingly, the 40% TiO2 paste device that delivers uniformity and good contrast
is chosen to be used in this investigation.
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CHAPTER 5
NUMERICAL SIMULATION
In the first few sets of simulations, Poisson-Nernst-Planck equations were used
to model the device’s electric double layers at equilibrium. The equations are
applied to simulate 10 µm depth electric plates in planar configurations with
nanodroplet ink in 1-D simulation. Bulk nanodroplet concentration and its effect on
the display contrast performance are addressed. Steric effect is then compensated
externally by finding the saturation threshold for the device. A 2-D porous
structure built with hexagonal outlines is used to form a uniform microchannel
domain for fluid and ink nanodroplets to travel through. A representation of a 2-D
hexagonal unit cell is shown in section 5.3. The 2-D geometry is used to compare
the difference between the 1-D and 2-D simulations. Parametric simulations with
particle tracing provide a visual idealization of how nanodroplet ink moves in the
2-D hexagonal porous structures. Lastly, the transient analyses run in both 1-D and
2-D simulations provide insight into porous medium geometry complications. In
order to run the simulation, a few assumptions were made. The first assumption is
that nanodroplets behave as a point charge. Second, ink contains two species of
nanodroplets, the positive and the negative 1 elementary charge species, equal in
concentration and opposite in charge. Third, the ink nanodroplets are spherical and
without dipoles. Lastly, the ink nanodroplets are stable and operate at an
isothermal operating temperature.
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5.1 Model setup and information
The Poisson-Nernst-Planck equations for ion transport is a continuum model
widely used in theoretical and computational studies where electrostatic interaction
with ion flow is examined. The boundary conditions of the model are shown in
figure 20. In multiphysics simulations, time step can also affect the outcome since
each time step is computed based on the previous time step. COMSOL Multiphysics
(COMSOL, Inc., Natick, Massachusetts, USA) uses the computed values from the
previous step, starting from initial boundary conditions to calculate the next step.
The convergence tolerance of the model is set at 1× 10−6. The initial condition of
each model is specified to be at 0 V between the two electrodes and when the device
is powered up. The voltage is applied at the left end of the model electrode, whereas
the right electrode is kept at ground. The concentration of the positive and negative
species were set to equal half of the bulk concentration. Initially, the concentration
of both species were uniformly dispersed within the models. Over variables such as
dynamic viscosity, relative permittivity, charge number, size of the ink nanodroplets,
and temperature were kept constant throughout the simulation.
5.2 Effect of nanodroplet ink concentration on display contrast
The applied potential on the electrode is assumed to be uniform, and the
model of the electric double layers can be simplified to a 1-D simulation. This
simulation of the electric double layers using the Poisson-Nernst-Planck model (with
an equal charge ratio between +/- ions) does exhibit the anticipated electrostatic
screening by the ink nanodroplets. The type of simulation applied here can be
described as dilute species because the model is confined to point charges (i.e.,
disregarding size dimensions). The 1-D simulation of the device with the
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Poisson-Nernst-Planck equation includes the electrokinetic charged particle
migration, diffusion via electric field, and electrostatic screening by the charged
particles. The diffusion term in the Poisson-Nernst-Planck equation can be modified
for specific models to represent different scenarios. The diffusion coefficient in this
study is based on the Stokes-Einstein equation because it is suitable for modeling
transport of charged spherical particles through liquid. For steady-state analyses,
the diffusion coefficient plays a lesser role. However, in a transient analysis where
the response speed of the display is desired, picking the right model for the diffusion
coefficient is important.
The simulation is specifically used to investigate how the bulk level of
nanodroplet concentration in the ink affects nanodroplet concentration near the
viewing plane, resulting in electrostatic screening. The modeling parameters can be
found in figure 20. For higher precision, the mesh for all models was generated with
an element length less than 0.02 nm.
Three simulation outputs were generated: one showed the nanodroplet and
repulsive ion concentration at the viewing region, another one displayed the electric
potential profile near the viewing region, and the last one compared different levels
of bulk concentration when the device is set to either a dark or light state. Steric
correction is added to account for nanodroplet saturation in the diffuse layer. The
simulated levels of bulk concentration range from 1.74× 10−5 mol/m3 to 1.40× 10−4
mol/m. This range of bulk concentrations is chosen based on the dilution of the
original ink concentration, where 1.40× 10−4 mol/m4 represents the most
concentrated ink available.
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Figure 20: Concentration effect on display contrast 1-D simulation informations and
parameters.
5.2.1 Nanodroplet concentration at the viewing plane
The first simulation explores how bulk concentration of nanodroplets affects
the spatial distribution of nanodroplets and counterions in the ink solution. The
counterions are those that have opposite charge (+) with respect to the ink
nanodroplets (–) and are thereby repelled away from the viewing plane. The
scenario simulates concentrations in the dark operating state, when nanodroplets
are attracted to the electrode at the viewing plane.
For higher levels of bulk concentration, the steady-state concentration of
nanodroplets outside of the electric double layers also increases, as shown in figure
21. The increase of nanodroplet ink concentration in the diffuse layer is undesirable
when the display is switched to light state. Ideally, in an electrophoretic display,
almost all of the (dark) dye-containing nanodroplets would be in the diffuse layer,
where voltage has a strong influence. Likewise, for higher levels of bulk
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Figure 21: Concentration as a function of distance from electrode, for nanodroplets
(left) and counterions (right), for different levels of bulk concentration.
concentration, the steady-state concentration of counterions outside of the electric
double layers also increases. Ideally, in an electrophoretic display, it is desirable to
have the counterions absent from regions closest to the viewing plane, so that more
nanodroplets responsible for color can occupy that viewing region. In the dark state
setting (positive charge at the electrode), the counterions close to the viewing plane
indeed approach zero.
5.2.2 Electric potential vs. distance from electrode
Figure 22 shows the simulated electrical potential near the electrode at the
viewing plane. Beyond approximately 1.5 µm, the potential reaches a very small
value, close to zero. This simulation also shows that as the bulk concentration
increases, the distance at which electrostatic screening occurs is reduced. Conversely,
when the ionic solution is less concentrated, the electrostatic screening is less severe.
5.2.3 Steric compensation
“Steric compensation” refers to accounting for the space occupied by charged
particles within an electric double layer system that otherwise would treat the ionic
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Figure 22: Electric potential versus distance from electrode, for a range of bulk
concentration.
particles as merely point charges. When including the steric effect, however,
assumptions such as packing structure, diffuse layer thickness, and effective
transport volume are needed. An upper limit to nanodroplet concentration for the
diffuse layer is calculated based on volume occupancy, assuming a hexagonal close
packed (HCP) arrangement. Reverse micelles can occupy different packing densities
in different phases. It is consistent with the findings of other published research that
in a densely packed situation, the reverse micelles have an HCP arrangement
[139, 140, 141, 142].
Knowing the diffuse layer thickness, device volume, packing efficiency, and
available void space (accounting for TiO2 occupancy), the remaining space available
inside the diffuse layer can be calculated. By dividing the space available inside the
diffuse layer with nanodroplet volume, the maximum number of nanodroplets within
the diffuse layer can be roughly estimated. A conservative estimate of 1 µm is used
for the thickness of the region close to an electrode, in which it is assumed that
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nanodroplets can achieve dense packing. Using a size estimate of roughly 200 nm
(from dynamic light scattering), this represents a thickness approximately 5
monolayers deep.
Using these assumptions and rough estimates, figure 23 plots the calculated
nanodroplet concentration in both dark and light states near the viewing plane.
The upper curves represent the device operating in the dark state (i.e. the electrode
having an opposite charge as that of nanodroplets), and the lower curves represent
the light state.
Figure 23: Poisson-Nernst-Planck (point charge) model of nanodroplet concentration
near the viewing plane in dark state (solid line) and light state (dashed line).
Without steric effect and being in the dark state, the concentration of
nanodroplets near the viewing plane increases proportionally to the concentration in
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the bulk, as expected. In the light state, the nanodroplet concentration decreases
linearly with increasing bulk concentration and applied voltage. However, in reality,
the concentration of nanodroplets near the electrode cannot increase indefinitely,
and the steric effect must be considered.
From the lowest bulk concentration to a critical bulk concentration level at
approximately 38%, the nanodroplet concentration near the electrode increases. On
the other hand, from the lowest bulk concentration to the same critical level, the
nanodroplet concentration near the electrode decreases as the electric field drives
the nanodroplet away from the viewing plane. Beyond this critical level, the Stern
and diffuse layers are saturated. As figure 22 shows, the electric potential outside
the diffuse layer approaches zero. Nanodroplets outside of the Stern and diffuse
layers no longer feel the electric potential at the electrode. With steric effect
considered, the nanodroplets’ concentration near the viewing plane must be
corrected because increasing the concentration in bulk past the critical
concentration will only increase the free-flowing nanodroplet outside the Stern and
diffuse layers. As shown in figure 23, the nanodroplet concentration increases after
approximately 38% bulk concentration in the light state because of the
ineffectiveness of the driving potential in the diffuse layer.
This simulation suggests that image contrast, depending on the ratio between
the light and dark states, is highest at some intermediate concentration level. In
other words, there is an optimal bulk concentration of nanodroplets in the ink that
will permit the highest difference in concentration (and thus, highest difference in
luminance) near the viewing plane. The existence of such optimum is proven
experimentally, using the experimental test methods explained in the next chapter.
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5.3 1-D vs. 2-D: Role of geometry in simulation
In order to test the accuracy of the 1-D model, the nanodroplet concentration
migration because of an electric field in a 2-D hexagonal porous model is simulated.
The 1-D model overlooks the electric field distortion caused by geometry boundaries
and the different dielectric properties between solids and fluids. Items within the
dashed lines in figure 24 form a unit cell in the 2-D hexagonal porous lattice. This
figure shows that volume fraction can be varied by changing the side length of the
unit cell. As long as the side lengths stay the same, the channels created by these
hexagonal structures will remain uniform. The model used in later simulations were
of 40% porous volume fraction. Additionally, the 2-D model enables visual
tortuosity of the porous lattice. Studies have shown that in the field of
biomechanics, losses attributed to tortuosity, non-planarity and complex geometry
can no longer be accounted for using a 1-D model as the system gets smaller and
more complex [143].
Figure 24: A unit cell as the base of the 2-D hexagonal porous lattice.
The simulation shows that electrostatic screening in the 1-D model presents
little difference in value when compared with the 2-D model, even when the
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Figure 25: Electrostatic screening comparison at the electrode of 1-D and 2-D hexag-
onal porous models.
material and geometric properties are taken into account. This justifies the use of
1-D simulation in this particular system.
5.3.1 3-D computed tomography
Further simulation refinement can upgrade the 2-D model to a 3-D porous
matrix structure with 3-D X-ray computed tomography (CT). With recent
improvements of X-ray CT and robust modeling tools, it is possible to import 3-D
specimen-specific geometry into finite element analysis or computational fluid
dynamic software. Tomography is capable of imaging detailed 3-D solid objects by
scanning the object section by section through penetrating waves [144, 145]. Studies
done by John R. Izzo Jr. et al. incorporate the use of a reflective condenser optic
lens to provide a spatial resolution in the tens of nanometers for a 3-D CT scan
[146, 147]. The 3-D structure can then be transferred into a multiphysics simulation
program, to perform simulation. Similar methods have been used to study chemical
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transport in cracked concrete. The use of a 3-D image constructed by CT scans is a
popular way to analyze heterogeneous microstructures [148]. The scope of this
thesis does not include 3-D simulation, but subsequent studies for finer detail may
take advantage of this capability.
5.4 Transient analyses of display switching
Transient analysis is needed to reveal the response of the display. To analyze
the influence of geometry in device switching, both 1-D and 2-D hexagonal porous
models are simulated. In the first sets of simulation, all the parameters are kept the
same, but voltage is varied to test the response time of the display. The second set
of simulations includes the transient aspect of the concentration effect on response
time. Lastly, the parametric simulation of the display switching with particle
tracking can reveal particle motion and other functional dependencies within the
2-D device.
5.4.1 Effects of voltage on display switching
In this study, simulation protocols are kept the same in most of the
parameters, including concentration, material property, and boundary conditions.
The only thing that is varied is the nanodroplet ink driving voltage potential.
Voltage potential is varied from 0.01 V to 0.5 volt. The voltage effects on display
switching are simulated with both the 1-D and 2-D models. The parameters for
both tests are listed in figure 26, and the results are shown in figure 27.
Figure 27 shows that at 10 mV, the concentration of the nanodroplet ink at
the viewing plane eventually plateaus at 20 mol/m3. And at 50 mV, the
concentration at the viewing plane shoots up past the saturation threshold within 5
seconds.
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Figure 26: List of information and parameters for the 1-D and 2-D voltage effects on
display switching models.
Figure 27: Ink concentration as a function of time and potential voltage at the elec-
trode for 1-D (left) and 2-D (right) simulations.
5.4.2 Effect of nanodroplet ink concentration on display switching
In this study, voltage, material property, and boundary conditions are kept the
same, while the nanodroplet ink concentration is varied between 12.5% and 100%.
51
The effect of concentration on device switching is inconclusive. Concentration is
varied between 100% concentrated and 12.5%. The concentration effects on display
switching are simulated with both the 1-D and 2-D modes. Both sets of simulation
parameters are listed in figure 28, and the results are shown in figure 29 and figure
30. Figures 29 and 30 also show that the ink nanodroplet concentration can vary
the switching response in a reverse-emulsion electrophoretic display.
Figure 28: List of information and parameters for the 1-D and 2-D concentration
effects on display switching models.
The simulation shows that the higher the concentration, the faster the
switching response for the display. Figure 29 shows that at the same driving voltage,
a device equipped with 100% concentrated ink reaches the saturation threshold
within 10 seconds, whereas the 12.5% concentrated device took three times as long.
Figure 30 shows each device with various concentrations as the devices each
reach their own steady state at different times. Devices with a lower concentration
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Figure 29: Ink nanodroplet concentration as a function of time and % bulk concen-
tration at the electrode for the 1-D (left) and 2-D (right) simulations.
approach their steady state values slower than the devices with a higher
concentration. Figure 30 also shows that each display has its own steady state
concentration at the viewing plane. However, if this is not the actual case, the
devices should have reached their maximum concentrations at 3.0× 10−4 mole/m3
because of steric effect shown in section 5.2.3. The difference between voltage and
concentration influence on device switching can also be shown from comparing
figure 27 and figure 29. Voltage potential plays a bigger role than the concentration
of the device on device switching. This can be seen by the switching speed variance
from 0.01 V to 0.05 V.
Differences between 1-D and 2-D models can also be seen from figure 27 and
figure 29. A consistency of switching response lagging in 2-D models is apparent in
both cases. This result verifies that the porous geometry within the device indeed
provides obstructions to the mobile ink nanodroplets.
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Figure 30: Ink nanodroplet concentrations at the electrode reaching its steady state
for different % bulk concentrations with the same voltage potential.
5.5 Parametric simulation of display switching
Parametric performance modeling is conducted to provide insight into the
functional dependencies between characteristic device parameters and response
time. Geometry parameters such as the electrode gap and the solid fraction packing
ratio of the porous matrix are inspected. For these simulations, response time is
examined using a specialized particle-tracing module in the commercial multiphysics
simulation software (COMSOL Multiphysics, COMSOL, Inc., Burlington,
Massachusetts, USA). Normalized response time is quantified by the time required
for a designated number of particles to travel through a 2-D hexagonal porous
matrix from a source plane to a destination (i.e., viewing) plane divided by the
thickness of the porous matrix. The simulated physics phenomena included
electroosmotic flow in a porous medium and viscous drag. Particle-particle and
particle-field interactions were not included in the simulations. The input factors
were porous matrix thickness, solid volume fraction, and applied voltage. The solid
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volume fraction (dimensionless) is the proportion of space occupied by the TiO2
particles that comprise the porous matrix and is equal to unity minus porosity. The
applied voltage, when divided by the layer thickness, can also be expressed as the
electric field strength (in V/µm). Geometry constraint such as the size and
morphology of the TiO2 particles were chosen to best match the scanning electron
microscopy image. Initial attempts involved using an obstruction array of
one-micron pillars within the simulated 2-D device. Solid volume fraction was
determined by the spacing between each pillar, as particles could bounce off the
structure as they came in contact with it when driven by the electric field created by
the electric potential. Hexagons were used for the 2-D cross-sectional representation
of the 3-D porous lattice. Each hexagon of the uniform porous matrix was designed
to inscribe a 1 micron sphere by changing the channel gap. The solid volume
fraction was determined using trigonometry. Hexagonal arrays were used instead as
circular arrays because of a few distinct advantages. Circular arrays do not increase
the similarity with scanning electron microscopy imaging. Many studies have also
shown that in the case of nanocrystallization, it is common to have a densely packed
hexagonal cell distribution [149, 150]. And in finite element analysis, the mesh
generated around circular objects tends to increase the computational power needed.
Figure 32 shows that the device-normalized response time is approximately
linear with voltage. There is a diminishing effect on the normalized response time
with the porous matrix thickness decreasing. And the device response time has no
direct correlation with either 30% or 40% solid volume fraction.
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Figure 31: Particle trajectories simulation (30% area fraction TiO2 3 V, particle
charge number 1).
Figure 32: Comparison of distance normalized device response, for different combi-
nations of input factors.
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CHAPTER 6
EXPERIMENTAL TESTING
The effects of ink concentration on image contrast and switching speed are
determined by measuring the luminance of test devices loaded with different
concentration levels. Luminance is defined as the luminous flux emitted from a
surface per unit solid angle per unit area in a given direction and is therefore the
luminous intensity per unit area. Luminance is measured in candela per square
meter (cd/m) [151]. Relative luminance (used throughout this paper) is luminance
in relation to a light standard and varies within a range from 0 (dark) to 1 (light).
Different display manufacturers use different standards to describe the contrast of
their device. However, the contrast of a device can generally be described by its
contrast ratio or dynamic range. The International Committee for Display
Metrology defines the peak contrast of a device as the ratio of the peak light
luminance measurement, Lp, divided by the maximum full screen dark luminance,
Lk, and is represented by the variable Cp [152].
6.1 Luminosity measurement
The photodiode used is OPT101 from Texas Instruments. OPT101 is a
monolithic photodiode with an on-chip transimpedance amplifier. The output
voltage increases linearly with light intensity. The photodiode is prepared with basic
circuit connections provided by the manufacturer, as shown in figure 33. The
apparatus used in this investigation measures light intensity with a photodiode
interfaced to the data acquisition software LabVIEW (National Instruments,
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Figure 33: Circuit connections for the data acquisition device.
Austin, Texas, USA) and supporting hardware. Photodiode signals are calibrated to
luminance using a grayscale calibration palette (X-Rite, Inc., Grand Rapids,
Michigan, USA). As shown in figure 34, devices are held in a test fixture for
consistent lighting and orientation as reflected intensity from the surface of the
device is measured. Also shown in the figure is a 5 mm aperture to mask smaller
regions of the test device, using opaque vinyl tape. The isolated regions are used to
check spatial uniformity.
6.2 Ink concentration experiment
Test devices were fabricated by mixing the ink with TiO2 powder into a
paste-like form. This paste was interposed between 40 mm × 25 mm glass slides
with ITO. A uniform gap was established by mixing a few 10 µm glass spheres
(Duke Standards 9000 Series, Thermo Fisher Scientific, Waltham, Massachusetts,
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Figure 34: Test fixture with light source and photodiode (left), and close-up of the
aperture (right).
USA) into the ink-TiO2 paste. The highest loading at full concentration (i.e., 100%)
is estimated to have 8.4× 1010 nanodroplets per µL, which is equivalent to
1.4× 10−4 mol/m. The ink was prepared and tested at full concentration and 5
other dilutions in tetralin at concentrations of 50%, 37.5%, 25%, 18.75%, and 12.5%.
As a newly assembled device is operated repeatedly, relative luminance may
not have the same exact value over sequential state changes. To deal with these
varying values, each device is first conditioned by switching several times (typically 5
to 10 transitions) until the luminance between light and dark states becomes stable.
The transient response, indicative of switching speed, is measured by plotting
luminance as a function of time. The devices are switched by reversing polarities
over a 2.5 V potential difference between electrodes. The polarity is reversed every
10 seconds, which is equivalent to a square-wave frequency of 0.05 Hz.
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6.3 Voltage experiment
The concentration experiment is able to reveal the contrast behavior at
different levels of concentration. However, even if the experimental results are
similar to the predicted hypothesis, it would not verify that the observations are
caused by concentration alone. To further reinforce the hypothesis, a voltage
experiment is conducted. The hypothesis states that the contrast of the device is
dictated by concentration and steric effects. If the hypothesis is correct, a
higher-than-needed voltage should not strongly influence the contrast of the display.
If the voltage experiment results show that maximum contrast improves as voltage
increases indefinitely, then voltage has a significant role compared to concentration;
steric effects, in this case, is inadequate for accurately representing behavior of the
system.
Three devices are loaded with the same concentration. The devices are cycled
between the light and dark states at 20-second intervals to ensure that even at low
voltage the devices have the chance to reach their respective peak lightness and
darkness. Each device is tested at three different locations for spatial variability.
The voltage is then varied from 1 V, 3 V, 5 V, and lastly, 8 V. At each voltage level,
a minimum of three cycles between the light and dark states are recorded with a
photodetector.
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CHAPTER 7
RESULTS AND DISCUSSION
7.1 Image contrast
To examine the effect of ink concentration on image contrast, figure 35 plots
relative luminance as a function of ink concentration for both the light and dark
states. The plotted data includes measured values collected over 50 seconds of a
square-wave alternating signal, and the relative luminance values from all three
locations on a given device are averaged. The dense plotting of values at each higher
extreme of luminance corresponds to the device when held in its light state, and the
dense plotting of values at the lower extreme corresponds to its dark state. The
intermediate data points at each concentration are from the transitions between the
light and dark states. As indicated in the figure, the greatest difference between the
light and dark states is observed at an intermediate concentration (25%), revealing
that there is indeed an optimum concentration for image contrast.
Contrast is expressed here in terms of peak contrast, defined by the
International Committee for Display Metrology as the ratio of peak light luminance
divided by maximum full screen dark luminance [151]. Figure 36 plots contrast as a
function of concentration, reinforcing the observation that the best contrast is
achieved using 25% concentration.
7.2 Switching speed
Transient response of the devices is measured to examine the effect of ink
concentration on switching speed. Figure 37 plots relative luminance versus time for
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Figure 35: Relative luminance versus ink concentration.
Figure 36: Contrast versus ink concentration.
two light-to-dark switching transitions, for each of the different ink concentrations.
The applied potential difference is 2.5 V in all cases, and the luminance values from
all three locations on a given device are averaged. Differences in switching speed
based on concentration are relatively small compared with the more significant
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differences observed in image contrast. As shown here, the intermediate case of 25%
ink concentration has the best contrast, and its transient characteristics are similar
to the time response of the other concentrations.
Figure 37: Relative luminance versus time for two light-to-dark switching transitions,
using different ink concentrations.
Although some of the plotted data has a slight upward trend even after 10
seconds, all of the different concentration levels reveal very similar steady-state
plateaus beginning within the first 2 seconds. This suggests that with respect to ink
concentration, switching speed is substantially less dependent on concentration,
relative to how strongly image contrast depends on concentration. From a device
design perspective, this means that the ink concentration may be selected to achieve
the best contrast, with little or negligible adverse effect on switching speed.
7.3 Spatial variability
Each device was tested at three different locations using a circular
5-millimeter-diameter mask to isolate test regions. Figure 38 shows the spatial
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variability for the devices at each of the concentration levels. The vertical axes on
all six plots have the same relative luminance range of 0.2 but have been offset from
zero luminance to focus on differences based on imaging location. The 12.5% and
50.0% concentration levels exhibited the largest spatial variability, while the 18.8%
and 25% concentration levels showed good spatial uniformity.
7.4 Comparison with simulation
In the multiphysics simulation, the bulk concentration of droplets within the
device was varied over the same range that was used experimentally in order to
observe the effect on device contrast. Steric effect is added to the model of electric
double layers. Peak contrast achieved at the 25% concentration level is reasonably
close to the 38% saturation value suggested by the simulation. Gray lines in figure
39 provide an alternative orientation of the simulation prediction in figure 23. This
shows the concentration effect on device luminance, with darkness increasing as the
concentration level at the viewing plane increases. In figure 39, the result predicted
by the simulation overlaps with the experimental result in figure 35. Both show
similar concentration saturation behavior as darkness cannot be increased once the
concentration saturation threshold is reached. The light state (upper portion of
figure 35) darkens as the nanodroplet bulk concentration increases.
7.5 Voltage experiments
Single-pixel devices were loaded with ink that had the same concentration.
These devices were cycled at voltages leveling from 1 V to 8 V (1 V, 3 V, 5 V, 8 V).
This experiment was performed to examine the voltage effects on device contrast
and response time. Similar to the data recorded in the concentration study in
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Figure 38: Variability in relative luminance at three distinct locations per device, for
each concentration level.
section 7.2, the gathered luminance data showed the device cycling between the
light to the dark state. To extract contrast at different voltage values, the data were
organized with a similar technique in the dense plotting performed in figure 35.
Figure 40 shows the dense plotting of a single-pixel device switching between
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Figure 39: Comparison of the simulation prediction and experimental result. Plot of
experimental relative luminance versus concentration, with characteristics similar to
calculated nanodroplet concentration near the viewing plane (as in figure 23).
Figure 40: Relative luminance versus applied voltage with devices at the same con-
centration.
66
the light state to the dark state at different voltages. The devices show consistent
contrast throughout all four voltages tested regardless of the increase in driving
voltage. The result further concluded that even at 1 V, the voltage applied to the
device was sufficient for driving a reverse-emulsion electrophoretic display.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK
The findings of this study support the hypothesis that bulk concentration of
nanodroplets in the ink is a crucial parameter for optimizing device contrast in a
reverse-emulsion electrophoretic display. Simulations of nanodroplet concentration
at the viewing plane agreed with experimentally measured values of luminance,
specifically in terms of saturation threshold. Simulation and experimental evidence
both show that merely increasing the bulk concentration of nanodroplets in the ink
will not categorically achieve higher contrast, because contrast is limited by steric
effects and electrostatic screening. Nanodroplets reach a saturation level in the
Stern and diffuse layers. Increasing bulk concentration excessively only increases
free-flowing nanodroplets outside of the diffuse layer, providing no further benefits
in the dark state. These free-flowing nanodroplets also diminish the ability to
achieve maximum luminance in the light state.
A higher voltage would be needed to overcome electrostatic screening.
However, a higher voltage may cause adverse effects, such as, dissociation of the
nanodroplets. Furthermore, increasing voltage only compensates for electrostatic
screening and does not bypass the steric effect. This explains why the results showed
no significant improvement of contrast even at a higher voltage, further supporting
the hypothesis that concentration and steric effects dictate maximum contrast.
In the characterization portion of the study, dynamic light scattering was used
to determine nanodroplet size, resulting in an average radius of approximately 176
nm. This value was almost twice as much as the dry samples prepared for atomic
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force microscopy. The relative permittivity of the ink was determined to be 3.0,
measured by RC circuit experiment. As expected, this value is close to the relative
permittivity of tetralin, which is the solvent used for the ink.
There is additional investigation that can be done to further support the
hypothesis. This includes possibly working with a modified Poisson-Nernst-Planck
equation to simulate the steric effect with a finer resolution and establishing a
quantitative correlation between nanodroplet concentration and relative luminosity.
Measurements with finer time resolutions can be done with transient analyses for a
better quantitative understanding of the concentration effects on switching response.
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APPENDIX A
STEADY STATE DATA FROM CONCENTRATION EXPERIMENT
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Data A-1: 
Concentration vs. luminance at 12.5% ink dilution (effect of concentration on contrast response). 
Concentration 
(%) 
Luminance 
12.5 0.2425 
12.5 0.2416 
12.5 0.2408 
12.5 0.2398 
12.5 0.2441 
12.5 0.2386 
12.5 0.2419 
12.5 0.2399 
12.5 0.2390 
12.5 0.2426 
12.5 0.2401 
12.5 0.2388 
12.5 0.2407 
12.5 0.2428 
12.5 0.2490 
12.5 0.2655 
12.5 0.2899 
12.5 0.3167 
12.5 0.3200 
12.5 0.3201 
12.5 0.3229 
12.5 0.3250 
12.5 0.3223 
12.5 0.3242 
12.5 0.3228 
12.5 0.3238 
12.5 0.3254 
12.5 0.3269 
12.5 0.3305 
12.5 0.3216 
12.5 0.3259 
12.5 0.3261 
12.5 0.3245 
12.5 0.3256 
12.5 0.3261 
12.5 0.3270 
12.5 0.3256 
12.5 0.3100 
12.5 0.2887 
12.5 0.2633 
12.5 0.2479 
12.5 0.2472 
12.5 0.2462 
12.5 0.2421 
12.5 0.2390 
12.5 0.2393 
12.5 0.2393 
12.5 0.2412 
12.5 0.2410 
12.5 0.2401 
12.5 0.2396 
12.5 0.2408 
12.5 0.2407 
12.5 0.2432 
12.5 0.2383 
12.5 0.2460 
12.5 0.2404 
12.5 0.2381 
12.5 0.2385 
12.5 0.2386 
12.5 0.2597 
12.5 0.2770 
12.5 0.2994 
12.5 0.3182 
12.5 0.3238 
12.5 0.3254 
12.5 0.3238 
12.5 0.3229 
12.5 0.3204 
12.5 0.3262 
12.5 0.3223 
12.5 0.3284 
12.5 0.3289 
12.5 0.3221 
12.5 0.3254 
12.5 0.3266 
12.5 0.3274 
12.5 0.3301 
12.5 0.3270 
12.5 0.3285 
12.5 0.3296 
12.5 0.3295 
12.5 0.3251 
12.5 0.3006 
12.5 0.2857 
12.5 0.2571 
12.5 0.2508 
12.5 0.2416 
12.5 0.2394 
12.5 0.2411 
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Data A-2: 
Concentration vs. luminance at 18.8% ink dilution (effect of concentration on contrast response). 
Concentration 
(%) 
Luminance 
18.8 0.1985 
18.8 0.1958 
18.8 0.1979 
18.8 0.1990 
18.8 0.1981 
18.8 0.1930 
18.8 0.1995 
18.8 0.1952 
18.8 0.1948 
18.8 0.1953 
18.8 0.1953 
18.8 0.1939 
18.8 0.1959 
18.8 0.1972 
18.8 0.1939 
18.8 0.2026 
18.8 0.2628 
18.8 0.2944 
18.8 0.3026 
18.8 0.3080 
18.8 0.3068 
18.8 0.3115 
18.8 0.3127 
18.8 0.3149 
18.8 0.3088 
18.8 0.3136 
18.8 0.3114 
18.8 0.3147 
18.8 0.3132 
18.8 0.3122 
18.8 0.3110 
18.8 0.3164 
18.8 0.3172 
18.8 0.3174 
18.8 0.3158 
18.8 0.3155 
18.8 0.3163 
18.8 0.3177 
18.8 0.3030 
18.8 0.2331 
18.8 0.2096 
18.8 0.2090 
18.8 0.2026 
18.8 0.1993 
18.8 0.1953 
18.8 0.1987 
18.8 0.1991 
18.8 0.1971 
18.8 0.1986 
18.8 0.1968 
18.8 0.1979 
18.8 0.1982 
18.8 0.1963 
18.8 0.1973 
18.8 0.1944 
18.8 0.1998 
18.8 0.1965 
18.8 0.1952 
18.8 0.1966 
18.8 0.1946 
18.8 0.1967 
18.8 0.2102 
18.8 0.2711 
18.8 0.2984 
18.8 0.3040 
18.8 0.3122 
18.8 0.3093 
18.8 0.3117 
18.8 0.3128 
18.8 0.3134 
18.8 0.3110 
18.8 0.3146 
18.8 0.3131 
18.8 0.3134 
18.8 0.3132 
18.8 0.3180 
18.8 0.3178 
18.8 0.3172 
18.8 0.3164 
18.8 0.3182 
18.8 0.3176 
18.8 0.3127 
18.8 0.3167 
18.8 0.3159 
18.8 0.2856 
18.8 0.2212 
18.8 0.2091 
18.8 0.2016 
18.8 0.1994 
18.8 0.1975 
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Data A-3: 
Concentration vs. luminance at 25% ink dilution (effect of concentration on contrast response). 
Concentration 
(%) 
Luminance 
25.0 0.1666 
25.0 0.1642 
25.0 0.1662 
25.0 0.1650 
25.0 0.1626 
25.0 0.1635 
25.0 0.1633 
25.0 0.1607 
25.0 0.1672 
25.0 0.1647 
25.0 0.1629 
25.0 0.1657 
25.0 0.1654 
25.0 0.1678 
25.0 0.1675 
25.0 0.1822 
25.0 0.2563 
25.0 0.2817 
25.0 0.2903 
25.0 0.2969 
25.0 0.2945 
25.0 0.2974 
25.0 0.2967 
25.0 0.3009 
25.0 0.2978 
25.0 0.2967 
25.0 0.3008 
25.0 0.2964 
25.0 0.3009 
25.0 0.2965 
25.0 0.2982 
25.0 0.2992 
25.0 0.3009 
25.0 0.3000 
25.0 0.2970 
25.0 0.3026 
25.0 0.2983 
25.0 0.3022 
25.0 0.2796 
25.0 0.2015 
25.0 0.1731 
25.0 0.1694 
25.0 0.1669 
25.0 0.1664 
25.0 0.1648 
25.0 0.1652 
25.0 0.1666 
25.0 0.1655 
25.0 0.1643 
25.0 0.1693 
25.0 0.1629 
25.0 0.1643 
25.0 0.1605 
25.0 0.1657 
25.0 0.1660 
25.0 0.1662 
25.0 0.1647 
25.0 0.1631 
25.0 0.1622 
25.0 0.1628 
25.0 0.1666 
25.0 0.1857 
25.0 0.2630 
25.0 0.2872 
25.0 0.2909 
25.0 0.2920 
25.0 0.2911 
25.0 0.2965 
25.0 0.2968 
25.0 0.2990 
25.0 0.2978 
25.0 0.2981 
25.0 0.2982 
25.0 0.2997 
25.0 0.2972 
25.0 0.2993 
25.0 0.2973 
25.0 0.3009 
25.0 0.3018 
25.0 0.3010 
25.0 0.2974 
25.0 0.3021 
25.0 0.3020 
25.0 0.2994 
25.0 0.2674 
25.0 0.1947 
25.0 0.1714 
25.0 0.1705 
25.0 0.1630 
25.0 0.1630 
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Data A-4: 
Concentration vs. luminance at 37.5% ink dilution (effect of concentration on contrast response). 
Concentration 
(%) 
Luminance 
37.5 0.1656 
37.5 0.1667 
37.5 0.1650 
37.5 0.1639 
37.5 0.1652 
37.5 0.1661 
37.5 0.1639 
37.5 0.1628 
37.5 0.1674 
37.5 0.1647 
37.5 0.1675 
37.5 0.1663 
37.5 0.1666 
37.5 0.1647 
37.5 0.1658 
37.5 0.1861 
37.5 0.2131 
37.5 0.2558 
37.5 0.2671 
37.5 0.2761 
37.5 0.2765 
37.5 0.2791 
37.5 0.2811 
37.5 0.2797 
37.5 0.2783 
37.5 0.2775 
37.5 0.2786 
37.5 0.2801 
37.5 0.2832 
37.5 0.2811 
37.5 0.2769 
37.5 0.2814 
37.5 0.2799 
37.5 0.2795 
37.5 0.2815 
37.5 0.2771 
37.5 0.2819 
37.5 0.2745 
37.5 0.2508 
37.5 0.2348 
37.5 0.1910 
37.5 0.1714 
37.5 0.1695 
37.5 0.1682 
37.5 0.1665 
37.5 0.1677 
37.5 0.1615 
37.5 0.1658 
37.5 0.1626 
37.5 0.1673 
37.5 0.1654 
37.5 0.1653 
37.5 0.1608 
37.5 0.1661 
37.5 0.1653 
37.5 0.1643 
37.5 0.1651 
37.5 0.1636 
37.5 0.1676 
37.5 0.1634 
37.5 0.1807 
37.5 0.1965 
37.5 0.2199 
37.5 0.2572 
37.5 0.2707 
37.5 0.2763 
37.5 0.2720 
37.5 0.2765 
37.5 0.2812 
37.5 0.2758 
37.5 0.2793 
37.5 0.2813 
37.5 0.2827 
37.5 0.2778 
37.5 0.2803 
37.5 0.2799 
37.5 0.2797 
37.5 0.2811 
37.5 0.2741 
37.5 0.2798 
37.5 0.2786 
37.5 0.2803 
37.5 0.2803 
37.5 0.2703 
37.5 0.2503 
37.5 0.2228 
37.5 0.1879 
37.5 0.1830 
37.5 0.1696 
37.5 0.1670 
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Data A-5: 
Concentration vs. luminance at 50% ink dilution (effect of concentration on contrast response). 
Concentration 
(%) 
Luminance 
50.0 0.1670 
50.0 0.1704 
50.0 0.1685 
50.0 0.1631 
50.0 0.1658 
50.0 0.1662 
50.0 0.1680 
50.0 0.1634 
50.0 0.1753 
50.0 0.1671 
50.0 0.1675 
50.0 0.1673 
50.0 0.1668 
50.0 0.1671 
50.0 0.1654 
50.0 0.1771 
50.0 0.2146 
50.0 0.2133 
50.0 0.2555 
50.0 0.2632 
50.0 0.2606 
50.0 0.2583 
50.0 0.2639 
50.0 0.2594 
50.0 0.2616 
50.0 0.2620 
50.0 0.2640 
50.0 0.2599 
50.0 0.2596 
50.0 0.2597 
50.0 0.2584 
50.0 0.2617 
50.0 0.2655 
50.0 0.2600 
50.0 0.2640 
50.0 0.2621 
50.0 0.2669 
50.0 0.2615 
50.0 0.2438 
50.0 0.2112 
50.0 0.2132 
50.0 0.1662 
50.0 0.1610 
50.0 0.1710 
50.0 0.1723 
50.0 0.1675 
50.0 0.1698 
50.0 0.1658 
50.0 0.1680 
50.0 0.1685 
50.0 0.1673 
50.0 0.1700 
50.0 0.1669 
50.0 0.1687 
50.0 0.1662 
50.0 0.1640 
50.0 0.1682 
50.0 0.1698 
50.0 0.1695 
50.0 0.1677 
50.0 0.1658 
50.0 0.1817 
50.0 0.2122 
50.0 0.2137 
50.0 0.2595 
50.0 0.2646 
50.0 0.2580 
50.0 0.2606 
50.0 0.2613 
50.0 0.2581 
50.0 0.2590 
50.0 0.2609 
50.0 0.2557 
50.0 0.2640 
50.0 0.2586 
50.0 0.2617 
50.0 0.2586 
50.0 0.2610 
50.0 0.2580 
50.0 0.2635 
50.0 0.2581 
50.0 0.2621 
50.0 0.2640 
50.0 0.2614 
50.0 0.2331 
50.0 0.2126 
50.0 0.2032 
50.0 0.1680 
50.0 0.1681 
50.0 0.1703 
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Data A-6: 
Concentration vs. luminance at 100% ink dilution (effect of concentration on contrast response).  
Concentration 
(%) 
Luminance 
100.0 0.1492 
100.0 0.1474 
100.0 0.1457 
100.0 0.1487 
100.0 0.1441 
100.0 0.1481 
100.0 0.1494 
100.0 0.1449 
100.0 0.1492 
100.0 0.1440 
100.0 0.1466 
100.0 0.1388 
100.0 0.1481 
100.0 0.1496 
100.0 0.1463 
100.0 0.1442 
100.0 0.1727 
100.0 0.1993 
100.0 0.2046 
100.0 0.2033 
100.0 0.2077 
100.0 0.2032 
100.0 0.2086 
100.0 0.2133 
100.0 0.2037 
100.0 0.2057 
100.0 0.2049 
100.0 0.2053 
100.0 0.2067 
100.0 0.2084 
100.0 0.2089 
100.0 0.2017 
100.0 0.2069 
100.0 0.2094 
100.0 0.2054 
100.0 0.2078 
100.0 0.2051 
100.0 0.2057 
100.0 0.2074 
100.0 0.1855 
100.0 0.1498 
100.0 0.1480 
100.0 0.1462 
100.0 0.1459 
100.0 0.1456 
100.0 0.1409 
100.0 0.1466 
100.0 0.1499 
100.0 0.1461 
100.0 0.1463 
100.0 0.1475 
100.0 0.1490 
100.0 0.1474 
100.0 0.1481 
100.0 0.1444 
100.0 0.1492 
100.0 0.1461 
100.0 0.1441 
100.0 0.1457 
100.0 0.1420 
100.0 0.1455 
100.0 0.1477 
100.0 0.1686 
100.0 0.2063 
100.0 0.2052 
100.0 0.2048 
100.0 0.2050 
100.0 0.2057 
100.0 0.2059 
100.0 0.2050 
100.0 0.2071 
100.0 0.2051 
100.0 0.2067 
100.0 0.2071 
100.0 0.2068 
100.0 0.2091 
100.0 0.2073 
100.0 0.2112 
100.0 0.2085 
100.0 0.2111 
100.0 0.2082 
100.0 0.2045 
100.0 0.2091 
100.0 0.2103 
100.0 0.2063 
100.0 0.1861 
100.0 0.1497 
100.0 0.1444 
100.0 0.1445 
100.0 0.1482 
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Data A-7: 
Resulting diagram from data A-1 to A-6 
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APPENDIX B
TRANSIENT DATA FROM CONCENTRATION EXPERIMENT
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Data B-1: 
Data by time (effect of concentration on contrast response). 
Time (s) 12.5% 18.8% 25.0% 37.5% 50.0% 100% 
0.5 0.2425 0.1985 0.1666 0.1656 0.1670 0.1492 
1.0 0.2416 0.1958 0.1642 0.1667 0.1704 0.1474 
1.5 0.2408 0.1979 0.1662 0.1650 0.1685 0.1457 
2.0 0.2398 0.1990 0.1650 0.1639 0.1631 0.1487 
2.5 0.2441 0.1981 0.1626 0.1652 0.1658 0.1441 
3.0 0.2386 0.1930 0.1635 0.1661 0.1662 0.1481 
3.5 0.2419 0.1995 0.1633 0.1639 0.1680 0.1494 
4.0 0.2399 0.1952 0.1607 0.1628 0.1634 0.1449 
4.5 0.2390 0.1948 0.1672 0.1674 0.1753 0.1492 
5.0 0.2426 0.1953 0.1647 0.1647 0.1671 0.1440 
5.5 0.2401 0.1953 0.1629 0.1675 0.1675 0.1466 
6.0 0.2388 0.1939 0.1657 0.1663 0.1673 0.1388 
6.5 0.2407 0.1959 0.1654 0.1666 0.1668 0.1481 
7.0 0.2428 0.1972 0.1678 0.1647 0.1671 0.1496 
7.5 0.2490 0.1939 0.1675 0.1658 0.1654 0.1463 
8.0 0.2655 0.2026 0.1822 0.1861 0.1771 0.1442 
8.5 0.2899 0.2628 0.2563 0.2131 0.2146 0.1727 
9.0 0.3167 0.2944 0.2817 0.2558 0.2133 0.1993 
9.5 0.3200 0.3026 0.2903 0.2671 0.2555 0.2046 
10.0 0.3201 0.3080 0.2969 0.2761 0.2632 0.2033 
10.5 0.3229 0.3068 0.2945 0.2765 0.2606 0.2077 
11.0 0.3250 0.3115 0.2974 0.2791 0.2583 0.2032 
11.5 0.3223 0.3127 0.2967 0.2811 0.2639 0.2086 
12.0 0.3242 0.3149 0.3009 0.2797 0.2594 0.2133 
12.5 0.3228 0.3088 0.2978 0.2783 0.2616 0.2037 
13.0 0.3238 0.3136 0.2967 0.2775 0.2620 0.2057 
13.5 0.3254 0.3114 0.3008 0.2786 0.2640 0.2049 
14.0 0.3269 0.3147 0.2964 0.2801 0.2599 0.2053 
14.5 0.3305 0.3132 0.3009 0.2832 0.2596 0.2067 
15.0 0.3216 0.3122 0.2965 0.2811 0.2597 0.2084 
15.5 0.3259 0.3110 0.2982 0.2769 0.2584 0.2089 
16.0 0.3261 0.3164 0.2992 0.2814 0.2617 0.2017 
16.5 0.3245 0.3172 0.3009 0.2799 0.2655 0.2069 
17.0 0.3256 0.3174 0.3000 0.2795 0.2600 0.2094 
17.5 0.3261 0.3158 0.2970 0.2815 0.2640 0.2054 
18.0 0.3270 0.3155 0.3026 0.2771 0.2621 0.2078 
18.5 0.3256 0.3163 0.2983 0.2819 0.2669 0.2051 
19.0 0.3100 0.3177 0.3022 0.2745 0.2615 0.2057 
19.5 0.2887 0.3030 0.2796 0.2508 0.2438 0.2074 
20.0 0.2633 0.2331 0.2015 0.2348 0.2112 0.1855 
20.5 0.2479 0.2096 0.1731 0.1910 0.2132 0.1498 
21.0 0.2472 0.2090 0.1694 0.1714 0.1662 0.1480 
21.5 0.2462 0.2026 0.1669 0.1695 0.1610 0.1462 
22.0 0.2421 0.1993 0.1664 0.1682 0.1710 0.1459 
22.5 0.2390 0.1953 0.1648 0.1665 0.1723 0.1456 
23.0 0.2393 0.1987 0.1652 0.1677 0.1675 0.1409 
23.5 0.2393 0.1991 0.1666 0.1615 0.1698 0.1466 
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24.0 0.2412 0.1971 0.1655 0.1658 0.1658 0.1499 
24.5 0.2410 0.1986 0.1643 0.1626 0.1680 0.1461 
25.0 0.2401 0.1968 0.1693 0.1673 0.1685 0.1463 
25.5 0.2396 0.1979 0.1629 0.1654 0.1673 0.1475 
26.0 0.2408 0.1982 0.1643 0.1653 0.1700 0.1490 
26.5 0.2407 0.1963 0.1605 0.1608 0.1669 0.1474 
27.0 0.2432 0.1973 0.1657 0.1661 0.1687 0.1481 
27.5 0.2383 0.1944 0.1660 0.1653 0.1662 0.1444 
28.0 0.2460 0.1998 0.1662 0.1643 0.1640 0.1492 
28.5 0.2404 0.1965 0.1647 0.1651 0.1682 0.1461 
29.0 0.2381 0.1952 0.1631 0.1636 0.1698 0.1441 
29.5 0.2385 0.1966 0.1622 0.1676 0.1695 0.1457 
30.0 0.2386 0.1946 0.1628 0.1634 0.1677 0.1420 
30.5 0.2597 0.1967 0.1666 0.1807 0.1658 0.1455 
31.0 0.2770 0.2102 0.1857 0.1965 0.1817 0.1477 
31.5 0.2994 0.2711 0.2630 0.2199 0.2122 0.1686 
32.0 0.3182 0.2984 0.2872 0.2572 0.2137 0.2063 
32.5 0.3238 0.3040 0.2909 0.2707 0.2595 0.2052 
33.0 0.3254 0.3122 0.2920 0.2763 0.2646 0.2048 
33.5 0.3238 0.3093 0.2911 0.2720 0.2580 0.2050 
34.0 0.3229 0.3117 0.2965 0.2765 0.2606 0.2057 
34.5 0.3204 0.3128 0.2968 0.2812 0.2613 0.2059 
35.0 0.3262 0.3134 0.2990 0.2758 0.2581 0.2050 
35.5 0.3223 0.3110 0.2978 0.2793 0.2590 0.2071 
36.0 0.3284 0.3146 0.2981 0.2813 0.2609 0.2051 
36.5 0.3289 0.3131 0.2982 0.2827 0.2557 0.2067 
37.0 0.3221 0.3134 0.2997 0.2778 0.2640 0.2071 
37.5 0.3254 0.3132 0.2972 0.2803 0.2586 0.2068 
38.0 0.3266 0.3180 0.2993 0.2799 0.2617 0.2091 
38.5 0.3274 0.3178 0.2973 0.2797 0.2586 0.2073 
39.0 0.3301 0.3172 0.3009 0.2811 0.2610 0.2112 
39.5 0.3270 0.3164 0.3018 0.2741 0.2580 0.2085 
40.0 0.3285 0.3182 0.3010 0.2798 0.2635 0.2111 
40.5 0.3296 0.3176 0.2974 0.2786 0.2581 0.2082 
41.0 0.3295 0.3127 0.3021 0.2803 0.2621 0.2045 
41.5 0.3251 0.3167 0.3020 0.2803 0.2640 0.2091 
42.0 0.3006 0.3159 0.2994 0.2703 0.2614 0.2103 
42.5 0.2857 0.2856 0.2674 0.2503 0.2331 0.2063 
43.0 0.2571 0.2212 0.1947 0.2228 0.2126 0.1861 
43.5 0.2508 0.2091 0.1714 0.1879 0.2032 0.1497 
44.0 0.2416 0.2016 0.1705 0.1830 0.1680 0.1444 
44.5 0.2394 0.1994 0.1630 0.1696 0.1681 0.1445 
45.0 0.2411 0.1975 0.1630 0.1670 0.1703 0.1482 
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Data B-2: 
Data by time, result from data B-1 (effect of concentration on contrast response). 
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Data B-3: 
Data by time, result from data B-1 (effect of concentration on contrast response) contrast. 
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APPENDIX C
DATA FROM VOLTAGE EXPERIMENT
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Data C-1: 
Data by voltage,  
Time (s) Luminance at 1 V Luminance at 3 V Luminance at 5 V Luminance at 5 V 
0.1 0.2338 0.2081 0.2154 0.2479 
0.2 0.2366 0.2106 0.2143 0.2444 
0.3 0.2354 0.2115 0.2015 0.2580 
0.4 0.2381 0.2121 0.2147 0.2543 
0.5 0.2381 0.2091 0.2044 0.2585 
0.6 0.2336 0.2147 0.1996 0.2200 
0.7 0.2380 0.2316 0.2224 0.2204 
0.8 0.2369 0.2362 0.2000 0.2078 
0.9 0.2409 0.2395 0.2143 0.2169 
1 0.2432 0.2287 0.2094 0.2063 
1.1 0.2424 0.2466 0.2095 0.2068 
1.2 0.2409 0.2754 0.2048 0.2049 
1.3 0.2428 0.2798 0.2138 0.2032 
1.4 0.2262 0.2806 0.2050 0.2135 
1.5 0.2021 0.2808 0.2101 0.2005 
1.6 0.1937 0.2779 0.2151 0.2415 
1.7 0.2141 0.2654 0.2040 0.2565 
1.8 0.1992 0.2576 0.1938 0.2475 
1.9 0.2062 0.2541 0.2012 0.2396 
2 0.2413 0.2507 0.2223 0.2368 
2.1 0.2570 0.2520 0.2662 0.2522 
2.2 0.2449 0.2465 0.2835 0.2542 
2.3 0.2519 0.2229 0.2805 0.2400 
2.4 0.2424 0.2144 0.2829 0.2402 
2.5 0.2464 0.2134 0.2909 0.2782 
2.6 0.2448 0.2071 0.2858 0.2764 
2.7 0.2470 0.2013 0.2825 0.2922 
2.8 0.2532 0.2087 0.2660 0.2893 
2.9 0.2458 0.2084 0.2819 0.2805 
3 0.2451 0.2294 0.2853 0.2873 
3.1 0.2439 0.2286 0.2839 0.2905 
3.2 0.2347 0.2260 0.2912 0.2927 
3.3 0.2437 0.2273 0.2858 0.2910 
3.4 0.2544 0.2403 0.2875 0.2776 
3.5 0.2450 0.2738 0.2836 0.2592 
3.6 0.2373 0.2745 0.2846 0.2456 
3.7 0.2689 0.2768 0.2843 0.2488 
3.8 0.2665 0.2624 0.2864 0.2540 
3.9 0.2759 0.2808 0.2728 0.2661 
4 0.2905 0.2729 0.2148 0.2476 
4.1 0.2846 0.2595 0.1933 0.2552 
4.2 0.2874 0.2457 0.2055 0.2608 
4.3 0.2557 0.2552 0.1982 0.2579 
4.4 0.2442 0.2485 0.1956 0.2238 
4.5 0.2518 0.2530 0.2115 0.2090 
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4.6 0.2391 0.2172 0.2049 0.2127 
4.7 0.2414 0.2233 0.2078 0.2120 
4.8 0.2362 0.2049 0.1990 0.2051 
4.9 0.2460 0.2112 0.1986 0.2146 
5 0.2510 0.2071 0.2143 0.2108 
5.1 0.2467 0.2041 0.2062 0.2178 
5.2 0.2493 0.2095 0.2050 0.2112 
5.3 0.2412 0.2353 0.2030 0.2181 
5.4 0.2466 0.2301 0.2051 0.2428 
5.5 0.2393 0.2306 0.2070 0.2506 
5.6 0.2435 0.2357 0.2052 0.2460 
5.7 0.2414 0.2331 0.1878 0.2518 
5.8 0.2450 0.2554 0.2278 0.2524 
5.9 0.2355 0.2740 0.2835 0.2551 
6 0.2197 0.2773 0.2696 0.2502 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
99
Data C-2:  
Data by voltage, contrast response, and resulting plot showing devices switched at 1 V, 3 V, 5 V, 8 V. 
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Data C-3:  
C-1 data Imported with MATLAB. 
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Data C-4-1:  
1 V data Imported with MATLAB. 
 
 
 
 
 
 
 
 
 
 
 
102
Data C-4-2:  
3 V data Imported with MATLAB. 
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Data C-4-3:  
5 V data Imported with MATLAB. 
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Data C-4-3:  
8 V data Imported with MATLAB. 
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APPENDIX D
DATA ANALYSIS OF THE TRANSIENT VOLTAGE EXPERIMENT
Detecting the voltage change is the first step in finding the time constant
which is the time for the luminance to rise to a percent of the saturated value. A
consistent, organized, and logical method had to be used throughout the data
analysis. A statistical cumulative sum control chart is used to detect reverse voltage
that drives the nanodroplet away from the viewing plane. Cumulative sum (Cusum)
control charts are helpful in determining small shifts within the data [153]. Cusum
directly incorporates all the information by plotting the cumulative deviations from
the target value. Another advantage of using the Cusum chart is the effectiveness it
has with data that contains low sample size. Cusum is often used in chemical and
process industries where rational subgroups are one [154]. Statistical analysis
research done by Srivatava and Wu have also shown that Cusum is more efficient in
detecting change in the drift than using exponentially weighted moving average
(EWMA) or the Shiryayev-Roberts method [155].
For convenience, data from a step section of the square wave is cropped. This
section starts from one second after the luminance has reached saturation in the
state (passing the dark-to-light transition), and ends at one second before it
switches back to the dark state (which is similar to figure 37). Variability in relative
luminance at three distinct locations per device, and for each concentration level is
generated at each voltage level. The cumulative sum control chart is formed by
plotting the quantity
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Ci =
i∑
j=1
(x¯j − µ0) Equation 9
Where n is the number of samples in the data, x¯j is the average of the jth
sample, and µ0 is the targeting value determined by averaging the first segment of
the step, two seconds before the transition zone takes place. One of the most
fundamental Cusum is the tabular Cusum. Tabular Cusum works by accumulating
positive and negative shifts into one statistic C+ and C− respectively. The
equations of C+, and C− are as follows.
C+i = max[0, xi − (µ0 +K) + C+i−1] Equation 10
C−i = max[0, (µ0 −K)− xi + C−i−1] Equation 11
The starting values are C+i = C
−
i = 0, and K is usually called the reference
value (or the allowance, or slack value), [154]. K is chosen about halfway between
the target µ0 and the out-of-control value of the mean, µ1 which needs to be
detected quickly. Thus, if the shift is expressed in standard deviation units as
µ1 = µ0 + δσ(or δ =
|µ1 + µ0|
δ
) Equation 12
, then K is one-half the magnitude of the shift or
K =
δ
2
σ =
|µ1 − µ0|
2
Equation 13
For example, if the process outcome exceeds the reference value K, C+i will
accumulate. The same thing would happen if the process outcome were to go under
the reference value, C−i . Both quantities reset to zero on becoming negative. If
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either C+i or C
−
i exceed the decision interval H, the process is considered
out-of-control. The reasonable decision interval is 5 times the process standard
deviation δ. The MATLAB curve fit tool is used to find the time constant at each
voltage recorded. The generalized function is as follows
L = c− a ∗ exp− tτ Equation 14
The curve fitting result showed that the device powered with 1 V had a longer
time constant than 3 V and 5 V. This means the response time is longer at lower
voltage. However, device powered with 8 V, did not show a significantly faster
response than when powered by 5 V. Research findings have shown reverse micelles
surfactant becoming unstable when a higher voltage is applied [115, 156].
Researchers explained this phenomenon as the nanodroplets have the tendency to
dissociate at higher voltage. Nanodroplet dissociation will lead to overall lower
mobility within a device [56]. Lowering of the overall mobility at higher voltage is
present in this experiment. However, further analyses need to be conducted to fully
explain the physics behind the phenomenon for the ink nanodroplets.
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Data  C-5:  
MATLAB algorisms  
function createFit(x,x8v,x5v,x3v,x1v) 
%CREATEFIT Create plot of data sets and fits 
%   CREATEFIT(X,X8V,X5V,X3V,X1V) 
%   Creates a plot, similar to the plot in the main Curve Fitting Tool, 
%   using the data that you provide as input.  You can 
%   use this function with the same data you used with CFTOOL 
%   or with different data.  You may want to edit the function to 
%   customize the code and this help message. 
% 
%   Number of data sets:  4 
%   Number of fits:  4 
  
% Data from data set "x8v vs. x": 
%     X = x: 
%     Y = x8v: 
%     Unweighted 
  
% Data from data set "x5v vs. x": 
%     X = x: 
%     Y = x5v: 
%     Unweighted 
  
% Data from data set "x3v vs. x": 
%     X = x: 
%     Y = x3v: 
%     Unweighted 
  
% Data from data set "x1v vs. x": 
%     X = x: 
%     Y = x1v: 
%     Unweighted 
  
% Auto-generated by MATLAB on 09-May-2013 09:10:24 
  
% Set up figure to receive data sets and fits 
f_ = clf; 
figure(f_); 
set(f_,'Units','Pixels','Position',[848 284 824 589]); 
% Line handles and text for the legend. 
legh_ = []; 
legt_ = {}; 
% Limits of the x-axis. 
xlim_ = [Inf -Inf]; 
% Axes for the plot. 
ax_ = axes; 
set(ax_,'Units','normalized','OuterPosition',[0 0 1 1]); 
set(ax_,'Box','on'); 
grid(ax_,'on'); 
axes(ax_); 
hold on; 
  
% --- Plot data that was originally in data set "x8v vs. x" 
x = x(:); 
x8v = x8v(:); 
h_ = line(x,x8v,'Parent',ax_,'Color',[0.333333 0 0.666667],... 
    'LineStyle','none', 'LineWidth',1,... 
    'Marker','.', 'MarkerSize',12); 
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xlim_(1) = min(xlim_(1),min(x)); 
xlim_(2) = max(xlim_(2),max(x)); 
legh_(end+1) = h_; 
legt_{end+1} = 'x8v vs. x'; 
  
% --- Plot data that was originally in data set "x5v vs. x" 
x5v = x5v(:); 
h_ = line(x,x5v,'Parent',ax_,'Color',[0.333333 0.666667 0],... 
    'LineStyle','none', 'LineWidth',1,... 
    'Marker','.', 'MarkerSize',12); 
xlim_(1) = min(xlim_(1),min(x)); 
xlim_(2) = max(xlim_(2),max(x)); 
legh_(end+1) = h_; 
legt_{end+1} = 'x5v vs. x'; 
  
% --- Plot data that was originally in data set "x3v vs. x" 
x3v = x3v(:); 
h_ = line(x,x3v,'Parent',ax_,'Color',[0 0 0],... 
    'LineStyle','none', 'LineWidth',1,... 
    'Marker','.', 'MarkerSize',12); 
xlim_(1) = min(xlim_(1),min(x)); 
xlim_(2) = max(xlim_(2),max(x)); 
legh_(end+1) = h_; 
legt_{end+1} = 'x3v vs. x'; 
  
% --- Plot data that was originally in data set "x1v vs. x" 
x1v = x1v(:); 
h_ = line(x,x1v,'Parent',ax_,'Color',[0.333333 1 0.666667],... 
    'LineStyle','none', 'LineWidth',1,... 
    'Marker','.', 'MarkerSize',12); 
xlim_(1) = min(xlim_(1),min(x)); 
xlim_(2) = max(xlim_(2),max(x)); 
legh_(end+1) = h_; 
legt_{end+1} = 'x1v vs. x'; 
  
% Nudge axis limits beyond data limits 
if all(isfinite(xlim_)) 
    xlim_ = xlim_ + [-1 1] * 0.01 * diff(xlim_); 
    set(ax_,'XLim',xlim_) 
else 
    set(ax_, 'XLim',[0.039, 6.2610000000000001]); 
end 
  
% --- Create fit "fit 8v" 
ok_ = isfinite(x) & isfinite(x8v); 
if ~all( ok_ ) 
    warning( 'GenerateMFile:IgnoringNansAndInfs',... 
        'Ignoring NaNs and Infs in data.' ); 
end 
st_ = [0.77599377675974313 0.36042052087637666 0.6319355835522541 ]; 
ft_ = fittype('-a*exp(-t/tao)+c',... 
    'dependent',{'y'},'independent',{'t'},... 
    'coefficients',{'a', 'c', 'tao'}); 
  
% Fit this model using new data 
cf_ = fit(x(ok_),x8v(ok_),ft_,'Startpoint',st_); 
% Alternatively uncomment the following lines to use coefficients from the 
% original fit. You can use this choice to plot the original fit against new 
% data. 
%    cv_ = { 0.10572159667112765, 0.075163303830301065, 0.259361690201378}; 
%    cf_ = cfit(ft_,cv_{:}); 
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% Plot this fit 
h_ = plot(cf_,'fit',0.95); 
set(h_(1),'Color',[1 0 0],... 
    'LineStyle','-', 'LineWidth',2,... 
    'Marker','none', 'MarkerSize',6); 
% Turn off legend created by plot method. 
legend off; 
% Store line handle and fit name for legend. 
legh_(end+1) = h_(1); 
legt_{end+1} = 'fit 8v'; 
  
% --- Create fit "fit 5v" 
ok_ = isfinite(x) & isfinite(x5v); 
if ~all( ok_ ) 
    warning( 'GenerateMFile:IgnoringNansAndInfs',... 
        'Ignoring NaNs and Infs in data.' ); 
end 
st_ = [0.77599377675974313 0.36042052087637666 0.6319355835522541 ]; 
ft_ = fittype('-a*exp(-t/tao)+c',... 
    'dependent',{'y'},'independent',{'t'},... 
    'coefficients',{'a', 'c', 'tao'}); 
  
% Fit this model using new data 
cf_ = fit(x(ok_),x5v(ok_),ft_,'Startpoint',st_); 
% Alternatively uncomment the following lines to use coefficients from the 
% original fit. You can use this choice to plot the original fit against new 
% data. 
%    cv_ = { 0.097717134394323502, 0.073626658599234798, 0.18541342198783078}; 
%    cf_ = cfit(ft_,cv_{:}); 
  
% Plot this fit 
h_ = plot(cf_,'fit',0.95); 
set(h_(1),'Color',[0 0 1],... 
    'LineStyle','-', 'LineWidth',2,... 
    'Marker','none', 'MarkerSize',6); 
% Turn off legend created by plot method. 
legend off; 
% Store line handle and fit name for legend. 
legh_(end+1) = h_(1); 
legt_{end+1} = 'fit 5v'; 
  
% --- Create fit "fit 3v" 
ok_ = isfinite(x) & isfinite(x3v); 
if ~all( ok_ ) 
    warning( 'GenerateMFile:IgnoringNansAndInfs',... 
        'Ignoring NaNs and Infs in data.' ); 
end 
st_ = [0.77599377675974313 0.36042052087637666 0.6319355835522541 ]; 
ft_ = fittype('-a*exp(-t/tao)+c',... 
    'dependent',{'y'},'independent',{'t'},... 
    'coefficients',{'a', 'c', 'tao'}); 
  
% Fit this model using new data 
cf_ = fit(x(ok_),x3v(ok_),ft_,'Startpoint',st_); 
% Alternatively uncomment the following lines to use coefficients from the 
% original fit. You can use this choice to plot the original fit against new 
% data. 
%    cv_ = { 0.071394002778411916, 0.08516851251575891, 0.27395713853792436}; 
%    cf_ = cfit(ft_,cv_{:}); 
  
% Plot this fit 
h_ = plot(cf_,'fit',0.95); 
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set(h_(1),'Color',[0.666667 0.333333 0],... 
    'LineStyle','-', 'LineWidth',2,... 
    'Marker','none', 'MarkerSize',6); 
% Turn off legend created by plot method. 
legend off; 
% Store line handle and fit name for legend. 
legh_(end+1) = h_(1); 
legt_{end+1} = 'fit 3v'; 
  
% --- Create fit "fit 1v" 
ok_ = isfinite(x) & isfinite(x1v); 
if ~all( ok_ ) 
    warning( 'GenerateMFile:IgnoringNansAndInfs',... 
        'Ignoring NaNs and Infs in data.' ); 
end 
st_ = [0.77599377675974313 0.36042052087637666 0.6319355835522541 ]; 
ft_ = fittype('-a*exp(-t/tao)+c',... 
    'dependent',{'y'},'independent',{'t'},... 
    'coefficients',{'a', 'c', 'tao'}); 
  
% Fit this model using new data 
cf_ = fit(x(ok_),x1v(ok_),ft_,'Startpoint',st_); 
% Alternatively uncomment the following lines to use coefficients from the 
% original fit. You can use this choice to plot the original fit against new 
% data. 
%    cv_ = { 0.06656197222527438, 0.076429344935440208, 0.76773525374791596}; 
%    cf_ = cfit(ft_,cv_{:}); 
  
% Plot this fit 
h_ = plot(cf_,'fit',0.95); 
set(h_(1),'Color',[0.333333 0.333333 0.333333],... 
    'LineStyle','-', 'LineWidth',2,... 
    'Marker','none', 'MarkerSize',6); 
% Turn off legend created by plot method. 
legend off; 
% Store line handle and fit name for legend. 
legh_(end+1) = h_(1); 
legt_{end+1} = 'fit 1v'; 
  
% --- Finished fitting and plotting data. Clean up. 
hold off; 
% Display legend 
leginfo_ = {'Orientation', 'vertical'}; 
h_ = legend(ax_,legh_,legt_,leginfo_{:}); 
set(h_,'Units','normalized'); 
t_ = get(h_,'Position'); 
t_(1:2) = [0.750337,0.110871]; 
set(h_,'Interpreter','none','Position',t_); 
% Remove labels from x- and y-axes. 
xlabel(ax_,''); 
ylabel(ax_,''); 
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